REPORT No. 16
IN TWO PARTS

THE STRETCHING OF THE FABRIC AND THE
DEFORMATION OF THE ENVELOPE IN
NONRIGID BALLOONS

——

Pari 1L.—THE STRETCHING OF THE FABRIC AND THE SHAPE
OF THE ENVELOPE

By RUDOLF BAAS, Dr. ENG.

Part 2—THE DEFORMATION OF THE ENVELOPE OF THE SIEMENS-
SCHUCKERT AIRSHIPS

By ALEXANDER DIETZIUS

Translated from the German
By Prof. KARL K. DARROW

149






CONTENTS OF REPORT NO. 16.

Part 1.

Introducﬁon—Ben&inP of the envelope, correction, prevention..............
A, Theetretchm%a the fal ..-P....--.------:.p. .......................
The smg )er ....... et e em——em—en e e eeeeiamaneem—an
Thread Bhesr. . . et oo e ccmam e aean
Extension of diameter, decrease in length, and twisting of envelope

r@ulungfromth:ea&shear-. v e mrereve—mememm——aeemaaaee
Thread straightening. emrecmenene U,

Increase in ter and decresse in length of envelope, ‘due to thread

8t 172 031 S,
Thread extension. -...-.---
The resultant deformation. .
Relation between. tension and deformation.
Viscosity (internal friction)
Expenmen ....................
I. Slowness of deformetion ..........._._._..
Test II. Relation between tension and deformation. .
Test I11. Thread extension. .. cocuooaeeamocoaane
Test IV. Deformation of cylindricel envelope..........
Fabrics with more than one layer..coeeen ool
Deduction of the deformation curves from those of single layers.
Test V. Elongatmn curves for multiple fabrics. ... oo cooilil
e e V1 Sheasing of singie Tayer snd dingonal doubisd Tabdler. 112"
est V1. aring of sing] an al-dou] ) o1 R,
Deformation of an envelope o gg:a.ﬂel-doubled fabric. ..oooooolo.
Deformation of an envelope of disgonal-doubled fabric. .............

B. Experimentel haues for predebermmanons of the deformation of envelopes
e normal characteritic oo n v oo oo e es

The ghear chnracteristm ...........................................
Methods for ascerteining the normal cha.ractermtlc ..................
Methods for ascertaining the shear characteristic. oo eccecacoaaoaaon
Test VII. The normal characteristicof a d.mgonal—doubled fabrie,
le~crossmethod .o ._

Test VIII. Many-cross method for the normal charecteristic of a
three-layer fabirie. - .o oo eiceiicaeoe

Test IX. shear cheracteristics of & three-layer fabric.........

C. Deformation of the envelope... o vueencmeeei i caccaeea
Forces acting on the envelope. ..o ool

The process of COMPUtALION. < v s eee e eciiaeaea
Deformation of the air-filled, weightless envelope......cocoooooiiioe

Fundamental law of distribution of tensions. .... ... ... .

Application o the compuiation of the critical shearing stress. . . .
Application to the computation of the tensions in the envelope. .
Determination of the increese in diameter end decresse in length ..
Bending of the gas-filled envelope.. . oo ool
The Navier hypothesis. «ouoaroomemm oo ia i a e eeee
The bending moments .........................................
The bending tensionS. . .. ccuceeerncireerceencrosnacaanoconen-
The form of tha line of Centroidn. e e iiaaaiioo
‘Shearing of the gas-filled envelope. ... . cooon oo
Distribution of shearing stresses over the circumference.........
The form of the curve of sheer. . ... . ivieeoiaiiiiiananes
The shape of the cross section of the envelope.......................
Forces on the crosssection. . . ocouocminil..

Second case: eightequalto Mt ... .. ... .
Equations mvolvmg leteral tension end radius of curvature..
Practical determination of the shape of the cross section. ...

Third case: Load greater or smaller than Lift. ... ...............

Infiuence of the shape of cross section on bending end ghear......

Practical application of computations of bending and shear. . ....



152 REPORT NATIONAL ADVISORY OOMMITTEE FOR AERONAUTIOS.

Page.

D. Specimen computation of the deformation of an envelope.............. 234

I Increase in dismeter and decresse in length. . pe R -

1. The bending forces. ... oiiri e 237

TII. Shea.nng forces and MOMENTE. . o ..o overrinnienanaraeenna- 238

IV. The bending. « - - cvconeminaae i iecee i e e cae e cem e mnas 238

V. The ghesar and the resultent (final) form................oool 240

E. Btudy of a miniature loaded in an especially mmple IMANNEF. commeannns 242

Description of the model and the manner of loading. . ceeereea. 242

Twisting of the minjature......c.coveenirmicriraicacmireceoeranas 248

Increase in diameter and decrease in length........co..ooooolll 244

The line of centroids snd the curve of ghear........ccvcvmvmvenna... 246

Comparetive COmMPUtAtIOn. cceeeemanreerrecrenecnceacamerreorena 22‘41;

Table of fabIIc8. .. occvuirineremeacnnmrrececeacsnccacmmcnserormamcmancaneas 250
Part 2.

Observations on the airship and experiments upon amodel................. 251

Determinsation of the deformntlom by computation and b{ﬁrapha ............ 252

Determination of the deformation of the hydrogen-fille ceeee.- 258

Determination of the deiorms.tlon by experiments gn models. . .. ............ 256

Beale of themodel. ..o oo iii i i imicraicre e cem e rrca e 257

Distribution of forces overthe model. o e v e evvenvvannimnnacnaaaaaaaa, 259



TRANSLATOR’S PREFACE.

Readers of the translation herewith presented, poss some
acquaintance with the construction of dirigibles, will probably find
that some of the technical German terms have not been rendered
by their technical English equivalents. It is hoped that the result
is in no case misleading; & few instances, however, are here cited:

Prallballon, signifying a balloon in which the excess pressure
is always high enoxi‘%: to ke;gdthe fabric tense, is translated
Fadenschicbung, Fadendehnung, Fadensireckung, which are defined on
pa%f 156 and seem to have been devised by the authors, are translated
as literally as possible; parallel-doublictt, diagonal-doubliert, are car-
ried over without change into the English, definition for these also
being given. Innere Reibung is given as ‘“viscosity.” A few explan-
atory notes have been added in the first 30 pages, at points where
the development seemed difficult to follow, and might have become
more g0 in the translation.

The distinction between the modes of suspension of the cars known
as Seiliakelung (the common scheme) and as Stoffbaknaufhingung
(the scheme employed by the Siemens-Schuckert company) is
?la.ined in articles by Krell in the Zeitschrift fir F‘Zugtec%-n' und

otor-I/uftschCni;ﬁ"ahrt, volume 2, 1911, the reading of which might
be recommended as & preface to the work here presented. The Stoff-
bahnaufhdngung, as there described, consists of two long strips of
fabric, each sewed to the hull along one of the lo edges; e two are
parallel throughout the greater E_km of their lang‘is, ut are brought
together in front and behind, like the sides of a ship at the bow;
the cars are suspended from these strips.

The Amme (p. 268) is, according to Vorreiter's Jahrbuch uber die
Fortschritie der Lufischifffakrt, 1911, page 258, a ba.%which when
the balloon is in the hall, is connected with it by a rubber tuﬂe; the
two contain hydrogen, and when the pressure in the system goes
down, it is raised again by piling sand-bags on the nurse balloons.

In one place the translator has failed to grasp the meaning of a
phrase (p. 198, bottom} and there are some places, in the descrip-
tions of the experimental set-ups, where the proper words or names
for the auxiliary apparatus (clamps, screws, etc.} have not, perhaps,
been found. Itis believed that none of the phrases involved is of the
first importance. In all such cases, and wherever there seemed to
be an{apossibi]ity of doubt, the original word has been inserted.
Two places where misprints seem fo have been made in the original
(pp. 167 and 206) are indicated in footnotes.

Karyr K. Darrow.

Avugust, 1917,
158



PREFACE.

The technical requirements imposed upon the envelope of a free
balloon are simply that it be gas-tight, strong, light in weight, and
that it be able to resist mechanical stresses and atmospheric influ-
ences. The shape of the envelope, however, is not of importance,
and in general it makes no difference if the sila,pe changes under the
influence of the tensions in the fabric. The same is true of the fas—
bags of ri.%'d airships, which similarly serve only to receive and to
preserve the gas. On the other hand, the envelopes of semirigid and
nonrigid airships are required, not merely to contain the gas, but also
to maintain their initial form, which is necessary for the operation
of the airship, in opposition to bending and shearing forces.

Every applied force causes a deformation. So long as the deforma-
tion does not impede the operation of the ship, it may be ignored.
This is usually possible when the ratio of Iengt.ix to breadth (of the
envelope) is small. As this ratio increases, the bending and shearing
forces, partly resulting from the load, partly appearing only when
the ship is in motion, increase; the shearing forces appearing espe-
cially when the airship is moving rapidly. e limit beyond which
the deformation is no longer tolerable is then easily reached and
gassed. This was the case with the frial airship of the Siemens-

chuckert Works. It became apparent in the early weeks after the
filling, and later on during the voyages, how advantageous, and indeed
how necessary, it would be to have an exact knowledie of the proper-
ties of the fabric, in order to plan the shape of the envelope. The
following study attempts to repair this omission.

The administration of the Siemens-Schuckert works merits special
thanks for the readiness with which they made possible the very
interesting investigations, here to be described, for the sake of airsbip
construction in general, inasmuch as the results obtained could no
longer be of use for their own trial airship. In particular, the au-
thors are especially indebted to Director Otto Krell, of the division
of war and naval construction of the Siemens-Schuckert Works,
for the keen interest and the extensive support which he afforded the
present work. ) )

The results, which have turned out to be indispensable in the con-
struction of such long and slender balloons, can also be of use wherever
balloon fabric is empl'(I)yed, whether subjected to forces or used for
transmitting forces.  The constructor, to whom the importance of
S knowlegﬁf of the deformation of iron and steel under force is self-
evident, wish. to acquire the same knowledge about balloon fabrie.
Systematic investigations in this direction are the concern of the firms
making fabric. their descriptions contain, together with informa-
tion about price, weight, strength, and gas-tightness, information
about the deformation properties, tfl_e task of the constructor will be
lightened, the danger of Iailures diminished, and the demand for

fabric increased. ~
Ruporr Haas.
ALEXANDER DIETZIUS.
BervLin, December, 1912,

154



REPORT No. 16.

PART 1. !

THE STRETCHING OF THE FABRIC AND THE SHAPE OF
THE ENVELOPE.

CONTRIBUTION TO THE CONSTRUCTION OF ENVELOPES.
By Ruporr Haas, Dr. Exa.

INTRODUCTION: BENDING OF THE ENVELOPE, CORRECTION, PREVEN-
TION.

The envelopes of nonrigid and semirigid airships as designed are, as
rule, surfacespof revolution. The strips of fa.brgc ars cugtnoub in such
g manner, that the axis of this surface of revolution is a straight line.
Very slight deviations from straightness, such as are caused bg irregu-~
larities in merking out, cutting out, and gluing together the strips
of fabric, are of no practical importance.

When the envelope is filled with gas and equipped, it enters into a
state of load, due pertly to the internal pressure, partly to its own
weight, and to the atfached weights. The pressure and the weights
produce bending and shearing stresses; under the influence of these
stresses, the axis of theenvelope, freviously straight, beifi.ns to curve;
the back sinks in, while head and tail are bent upwar
q This pﬁess is of the nature of a gradual hnfggw. h{g}::ontgﬁ; for

ays, making an asymptotic approach to & limit, which, taking into
account the Emgth of 1§e of the envelope, may be regarded as perma-
nent.

As the deformation of balloon fabrics is very considerable in com-
parison with that of the materials employed in machinery, the bend-

of the envelope as a rule requires correction.
msl‘he nature of this correction depends upon the construction of the
ship. When there is & rope susgension (Seiltakelung)—i. e., when
the suspended weights are attached to & girdle, sewed to the envelope,
by means of a number of ropes, applied at a number of different
points on the girdle—the envelope after being filled can be pulled back
into its original form (at least in the vicinity of the ﬁ'.rdle) by lengthen-
ing or shortening individual ropes. The availability of this method
is, however, limited, less because the load is then no longer distributed
uniformly along the fi.rdle, than because of the danger that the
tension on the underside of the envelope may be completely annutled
so0 that folds will & ‘§Jea.r. When the suspended Wei% ts are attached
to a strip of fabric F toffbaknaufhdngung) theshape of the envelope can
not be altered after the filling. Consequently, if allowance was not
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made beforehand for the deformation, it is necessary to insert wedge-
%hapeﬁhgieces of fabric into the enveiope, thus losing the gas of the
rst g.

It seems desirable to form a conception of the deformation to be
expected while the envelope is being constructed, and to give a neg-
ative curvature to the axis of the envelope, so that it becomes straight
(asis necessary in order to reach the maximum speed and to steer up-
ward) only after the load is applied. To do this, it is necessary first
to be acquainted with the properties of the fabric.

A. THE STRETCHING OF BALLOON FABRIC.
THE SINGLE LAYER.

The fabric at present, employed in makin ghba.lloons consists of two
or three layers of cotton cloth, gummed together either so that threads
of adjacent layers are parallel (parallel doubling, Pamlleldoublimnf)
or so that they are not pa.ra]le[p (diagonal doub%.i.ng, Diagonaldoubls-
rurég). The single layer is woven from two sYstems of threads, warp

woof, which intersect at a definite angle, usually 90°. When
subjected to forces, this network undergoes three kinds of deforma-

T
NN N
Nenww %S%S\i\

Fia. 1. F1o. 2. Fra, &
F168, 1-3,~Thread shear end thread straightening,

tion, which are due to different and independent causes, but in certain
cases affect one another.

In figure 1 & force P is applied to a tensed piece of fabric. The
action Is as follows:

Since the rectangular meshes contain no diagonals, the fabric first

oes over into the configuration of figure 2. This we call thread shear
%Fademchiabung).

Since the thread is bent into a wavy curve (because it passes alter-
nately over and under threads of the other system) it tends to
straighten out. This we call thread meﬁhtemng (Fadenstreckung).

Sinee the straightened thread is itself elongated, the fabric under-

oes a lenghtening of a third kind parallel to the force. This we call
thread extension (Fadendehnung).

THREAD SHEAR.

Thread shear is the change in the angles of a four-cornered mesh.
The most general case of load is shown in figure 4. Imaggne a small
rectangular piece of the fabric, of length ¢ and breadth &, in which
act the tensions ¢, and ¢,. 'The rectangle includes a certain number,
n,, of threads parallel to one direction, and a certain number, n,,
equal to or different from n,, of threads parallel to another direction;
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in the figurs, nlnn,b=-4. Let the force along each thread of the first
system, due to o, be represented bry P,, that due to o, by P,, the
resultant of P, and P, by RB,; similarly, the forces on eac thread
of the second system, dueto o, and o,, are represented by X P, and
P,, their resultant by B,. R, and R, will not, in general, be parallel
to the initial directions of the threads. (In the diagram, these
forces are shown. only for one thread of each system, and onlyin one
sense. At the other end of each thread equal and oppositely directed
forces are obviously to be applied.)

Since the mesh opposes no resistance to ch.a.nie of angle, equi-
librium will be attained on’]%g when the threads lie par to the
forces acting upon them, o rectangle of fabric depicted in figure
4 is thus converted into the parallelogram of figure 5.

VSS /; J\\

2t &

ST

‘-l LY. BN/

f 1

F1g. 4.—FElement of Iabrig before thread shear, F1a. §.—The aame alement after thread shear.

Let a and B represent the angles between the directions of the
threads and one of the two principal directions (i. e., the directions
parallel to the tensions; later on to be ;fnara.llel and perpendicular to
the axis of the enveloge); we have the following four conditions im-

S,
N
P4
|

o G

}

R\l
&

posed on the magnitudes of the forces:
P,n, =a,a, =0,a.co8a Pny=a,b, =c,b.8in8
P:'n.1 = a-;a, = a:a.sina P:n, o= a:b: = g,b.cosf
dividi
e i =2 eota Z -E’ta-n.ﬂ
b Ptl: coen from th hatched Pfangl&s PP
ut, as may be seen from the cross-hatched tri JP;=tan
and PyP,=cota. Equating these, ’ ?
tang = cote cotar=2tanf
a 3
either of which gives

7, 1)
tanc.tanf= ;_:
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According to this equation:

1. The number of threads per unit breadth is—immaterial; the
thread shear is the same whether or not the warp and woof are
equa]PlBr dense.

2. The strength of the threads is immaterial; the thread shear is
not affected by differences in quality between warp and woof.

3. The absolute magnitudes of the tensions are immaterial; the
thread shear i3 determined exclusively by their ratio.

Equation (1) is satisfied by infinitely many parallelograms. To
every angle a corresponds an angle 8, for which equilibrium exists.
A second condition 1s required to determine the eqfui]ibrium shape
uniquely. This is given by the mode of insertion of the element of
fabric (Einspannung des Stoffelementes in seiner Umgebung).

In figures 6 and 7 we see the mesh, in its initial rectangular form and
after deformation, &s it lies upon the surface of a cylindrical envelope.
The second condition is that two points, A and B, lf'ing originally on
one and the same normal cross section of the envelope, lie after the
deformation on one and the same cross section (not necessarily the

-t -2+
{

L—-—-F_—-.
(3
g
s,
¥

N

cress section
plane

F1a. 6. Fia. 7.
Fias. 8-7.—The element of fabrio in position in the hull,

original one)—i. e., points on one and the same cross section are dis-
placed parallel to the axis through equal distances. This is a con-
sequence of the cylindrical symmetry. In the form of an equation:

m.cosa=h.cosf=1
whence b/m = cosafcosp
now, by figure 6, b/m = coty
hence o8 coty (2)

cosf
Now, equations (1) and (2) determine a and g in terms of the ratio
of the tensions and the initial angle y. The computation of values
may here be omitted. Figures 8 and 9 represent « and B, fraphed
in three-dimensional Cartesian coordinates as functions of v and
a,/'lxi. The following points are to be noted:

The surfaces are mirror images of one another, for to each valuoe

of v between 0° and 45° corresponds another between 45° and 90 2

for which the load case is symmetrical (i. e., if we replace ¥ by 90
—v the angles « and B interchange values.—Transl.), )

2. If one of the tensions is zero, both e and 8 become 90°—i. e.,
the other tension draws the rectangle out into a straight line.
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3. There is no thread shear when the fabric (i. e., warp or woof)
isparallel to the axis of the envelope. For,fory=0wehavea=0,8=
90°; for y=90° we have a=90° §=0°.

4. There is no thread shear when o, =¢,; for by equation (1) in
that case fana.fanf =1, hence a+y=90° cosf=sgina.

Substituting info (2), we obtein ST -=coty, hence a=v and the
rectangle of figure 6 remains unchanged.

EXTENSION OF DIAMETER, BHORTENING OF LENGTH, AND TWISTING
OF THE ENVELOPE RESULTING FROM THREAD SHEAR.

In thread shear the constructor is concerned not with the'a.ngles
a and B, but with the consequences of the shear as regards the shape
of the envelope.

8
3

N
L &' 1 1 1 ] 1
——per R
-u-—-gh-"(a

J L E 7 7
h ) /
IR A AN, 1,
y ) WY
"< ¥ A Gas 4 " ¥ Yas
il / / 7l 7 /
/ & pV #
) Yarai
O35 & R 7 @ vsyw 750
F16.8. F16. 9.

Fras, 8-0.—Angles o« and # resulting from thread shear.

The first consequence is an extension of the diameter. It is ex-
pressed by & factor d/d,, representing the ratio of the final to the
initial diameter. (Figs. 6 and 7.) It is computed as follows:

d=">b.8in8 +m.sina =Db(sins +fany.sina) =d,cosy(ains +tany.sina)
g— =ginfcosy -+ sina.8iny
0

The per cent increase in diameter is

771)
Ad=100 (zo 1/

The second consequence of thread shear is & diminution in I .
It is measured by & factor 1/1,, representing the ratio of the final to
the initial length of the envelope ring (Hiillenring). It is computed
as follows: .

ie= =0
i =b.co8B &nycosﬁ
hence 1 _ocosB
I, siny
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The percentage decrease in length is

A1=1oo(1 —ZZ;)

The third consequence of thread shearis a twisting of the envelope.
It is measured by the angle of shear ¢ (fig. 7), of which the tangent
is computed as follows: .

o4
in which
b.8tna

Cd .
h=(a«+m)mna=8m mna=m

d="0b(sin8+tany sina)

g=(a+m)'oosa=—b—'cf’—".—-—— s
making these substitutions,

1 . . . . .
tan =——(sine—sing siny cosy — sinasindy).

These equations give Ad, Al, and ¢ in terms of «, 8, v, whence by
means of figures 8 and 9 we may express them in terms of y and o,/0;
the corresponding graphs are shown in figures 10-12.

They show first, that for y=0° or ¥=90°, thread shear produces
neither increase in diameter, diminution in {length, nor twisting of
the hull. The same is the case when the two tensions are equal.
When the fabric lies diagonally (y=45°) there is no twisting, but the
increase in diameter and dimunition in length reach their largest
values. For all values of ¥ between 45° and either 0° or 90° we have
change in diameter and in length, and in addition a twisting, which
is positive or negative according as v is greater or lass than 45°,

e surfaces %:aphed give qll)mnt.itativel correct results only for
an ideal network which can be deformed at will. In reality the
thread shear is limited by the narrowness of the meshes. The point
where this limit enters 1n is to be found by experiment. For the
theory of thread shear, it is sufficient to understand its nature and
its order of magnitude.

THREAD STRAIGHTENING! (FADENSTRECEUNG).

Thread straightening results from the interactions between the
interwound threads of warp and woof. The circumstances are more
complicated than in thread shear. We therefore consider only the
case which is simplest and, at the same time, most important—that
in which the tensions are parallel to the threads (of warp and woof,
respectively), i. e., v=0°; and we further assume that the threads
have an invariable circular cross section, & central axis of invariable
%;angé:il;{g and an indefinitely high flexibility without resistance to

ending.

1The German word means Hterally “thread stretching, ”” but the{dea is that of a crooked thread drawn
out into a straight line,
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Let n, and n, represent the number of threads per meterm w.
and woof, respectively, Z, and Z, the forces acting along the individ

00%
pC > 4 £
21 vy
-nM
Lo a
M ’t /
;/ 77
5 y/74
NS X B0 L AR
§ ¥ ——
Fia. 10, Fia. 11, Fiq. 1.

Fias. 10-12.—Increase in diameter, diminution in length, and twisting of the envelope as functions of yand
oyo; cansequences of thread shear,

threads, P, and P, the componenis of these forces parallel to the
ange the cloth, ]EI :

and A, their components normal to

~321
M [
&1
! A

7

plane tangent to

F1g. 13.—Forces acting In thread siralghtening.
ﬁs plane, ¢ and { the angles made by the threads with the plane;
n

N, =-P,tane=:T’1tane N,=P,tant = %:ta,n{.

L The podﬁoneﬂdmﬂyhthatcmhthmadeom!stsofanmsdonotdrmhrmﬂnmﬂng
with s t lines; In the (fig. 14) X;Urand ViK' are half arcs, U, ¥ a straight line making
angls e the plane tangent to the cloth; the condition of equilibrium Is applied to thess straight Hnes.

29165°—S, Doc. 123, 652——11
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In equilibrium,
N1 = N, 2
i. e., [
7, tane n,mM
whence o3y
tane=tant| 20 .
ne=ian{ e 3

This equation corresponds in form to equation (1) page 159, for
thread shear. It states first—

1. That the thread straightening depends on the number of threads
per unit breadth.

2. That it does not depend upon the diameter of the threads.

3. That it does not depend upon the absolute magnitudes of the
tensions, but only upon their ratio.

Like equation (1), equation (3) is satisfied by infinitely many pairs
of angles e and {; a further equation is required in order to make the
solution unique. This is given in terms of the diameter ! of thread,
5, end the distances s, and s,, designated as ““ thread lengths,”’ between
pairs ra(.)lf crossing points K, k’f or K, K., measured along the invariable
central axis,

We have e=EKEUVE=UV,+2K7T,
wherein =~ T, V, = U, W,~ V, W, =24'cote—u,cosece [by similar triangle
K U, =b¢
hence 8, =25"cote—u,cosece + 8¢ and solving for u,
U, =28'cose+ 28e'3ine — 8,81Me
similarly for the other thread,

U, =28'cos{ + 280 '¢int — s,8int.

Between the two “wave heights” 4, and u, we have the relationship
u},}r-{;ué: 25. This is most easily seen, if we first imagins one of the
threads to be perfectgﬂstraig t; in this case the wave height is
obviously the sum of diameter (double the diameter of either).
If now we impart to the straight thread & wave hei%]ht of any amount
%,, the wave height of the other thread diminishes by the same
amount, so that the sum remains constant.

Therefore, 2&'cose + 8ine(25'c — 8,) +-25'cost + sinf(28/F — 8,) =25
dévidin%1 through by 2 and by 8, which latter oceurs only as a divisor
of ¢, and &,:

cone-+aine (e—5k) +cost +8imt (§ — 53 =1 (4)
There is no upper limit to the possible values of ¢, and s,; the greater
the thread lengths, the broader the meshes of the fabric. But a

lower limit is imposed by the volume of the threads; this is found by
a special consideration. Two cases are to be distinguished:

1 Rigorously, the sum of the radii, here taken eqaal.
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Cese L. ¢=30° (fig. 15). *We have

8. = EUVE =X Y —9X U+2EU=¥sece—25tane+25%

henece 1—2sine.

8
—et

26™ co8€

F16. 14.—Relation between length, diameter, and Inclination of threads in thread strdightening.

If 8/25 were smaller than this limiting value, the two threads shown in
cross section would cut into one another where they pass closest
together, which is impossible,

Case II. «=30° (fig. 16).t *The boundary condition is

(5)
F1a. 185, Fiq. 16.
Fas. 15-16.—Limiting values of thread lengih.
These limiting values being taken into account, the angles e and ¢

may be computed for an ad length and any ratio of tensions
from equations (3) and (4). The detailed computation is best made
graphically, and can here be omitted. It is here carried through for
the case in which the thread length and number of threads per unit
breadth are the same in warp as in woof. The resulf is graphed in
figure 17. The thread I 8=4§nd to =1 are particularly note-
worthy, in thet ¢ and ¢ can for m attain the maximum values
impose& by (5}, in round numbers 60°, 70°, 80°, 90°.

(2

1 For, I ay/er=eniafny=1 in equation (3), then e and { enter h{eaﬂiig.to (8); if grmay, then ¢ and
enter symmetrically into (4); if emeqg and -r.snﬁ.fgési;nﬁ £),50 Goewgand fmey. Ifogfor==

it vall 3 of values (e=m
o ok dinn o o gt il
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The surface is divided into two halves by a cross-hatched central
Fla.ne. The ordinates in the right-hand half represent e, those on the
eft, {. The two halves may be intercha.nﬁed.1 The ordinates in the
central plane are to be taken ag standard values [ Nullwerte; appar~
ently because they refer to the important case in which both tensions
are equal.—Transl.] For example, for thread length e=fx3 and
tension ratio 1, each of the angles is equal to 31° 5. If ¢,/0, dimin-
ishes, say to 0.5, ¢ diminishes to 24° and { increases to 42° "I o,/0,
diminishes still further, we eventua.léy reach at o,fa0,=0.12 & limit
at which ¢=18°5 and {=70°, beyond which it is not possible to go
for the reason just explained. '

Figure 17 gives a good idea of the manner in which thread straight-
ening operates; it consists in a flattening-out, or the opposite, of
the wavy line formed by each thread (i. e., the difference between

K° /5‘37. P ”.l
\ 7\ o 1 W
Nibiees e
I 1 Y |
ya - 7 » sy Ve *
‘ 3
/ /// // 74
’ 4‘!’/ I~

F1a. 17.—Resulitant inclinations ¢ and {.

wave-crest and wave-trough is either diminished or increased). If
the waves are low (i. e., if the ﬂE)Berpandicu.la.r distance from erest to
trough is small, in which case meshes are wide and the quantity
8/5 large) changes in the ratio of tensions ¢,/0, have only a slight effect
on tllllxz}i‘élrgles'd tIIt;a thcgnrggeshes ?lm nﬁower (s/8 B?hmg) © waves
are hi an o produced by & given e in tension
ratio is greater (so steigen die Wellenhohen und damit auch thr Veran-
derungsbereich). Finally, if the meshes are so narrow that consecu-
tive threads of either system, warp or woof, come into contact with
one another (this begins to happen at 8=m3) the effoct B]‘glroduced by
any in tension ratio dI'.I).mln.IE ishes again, and finally vanishes
completely at 8=4#8 where the fabric is perfectly continuous (con-
secutive ads of either system lie in contact without any inter-
space); the necessity that the threads shall have room in which to
lie abolishes all freedom of motion.
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INCREASE IN DIAMETER AND DE(CREASE IN LENGTH OF ENVELOFE DUE
TO THREAD STRAIGHTENING.

As in the case of thread shear, the builder is interested not in the
values of the angles ¢ and { for themselves, but in the influence of
thread straightening for the shape of the envelope. We retain the
assum}ition that the fabric lies parallel to the axis (hence the tensions
parallel to the threads); then ad straightening reveals itself only
in two effects as against the three in which thread shear appears—
in an increase in the diameter and & decrease in the length of the

g

£ 4

42 o% . 4
N — /LA,
y a7
y v 7 q;?/
z /[
L= 27" L= -
F1q. 18. Fm.m.‘ i

Fias. 18-19.—Increase In diameter and decrease In length of a eylindrieal envelope, dus to thread
straightening,

envelope. Both are directly proportional to the changes in the quan-
tities jf and 7, of figure 14. JT]il‘)or example, we have for the increg:ein

diameter, A= 100_@1_1)
]

the quantity #, is then computed as follows:
fi=28sine+ T, Vy cose,

wherein U, V, =8, —23¢
hence f,=208'sine-}-8,c08e— 28e°cose
Hence

. 8.
gine — e'cose + s1'cose
5 28

Jo sine.—e‘,COSEVE-é% cos¢,
Interchanging ¢ with e and s, with &, we obtain the decrease in
length Al

The computation of Ad and Al as functions of &/8 and o)/, is
made by means of the angles e and ¢ (ses fig. 17) and the resulis
are represented in figures 18 and 19. The standard values (Null-
werte; cf. p. 10, line 2) are again taken at gy/o;==1. The influence
of thread straightening, as previously ined, is here clearly to
be seen; the deformation is slight for wide meshes, increases
gradually with decreasing breadth of mesh end, after passing through
& maximum, diminishes rapidly to zero.
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THREAD EXTENSION.

Under the térm thread extension we include all changes in the
shape and size of the thread itself. Under the influence of the
forces acting on the thread, its length increases; simultaneously its
diameter decreases, partly because the individual filaments of which
it is made contract, but also because they draw more closely together
within the thread. Finally, the cross-section of the thread, which
we regard as approximately circular, becomes more or less flattened
out a.t)the points of intersection (with the threads of the other
system).

yE‘Thread extension is inaccessible to theoretical treatment. It
inevitably accompanies thread shear and thread straightening when-
ever the fabric is subjected to stresses.

THE RESULTANT DEFORMATIONS.

By resultant deformation we mean the combination of the three
individual deformations just described.

If the fabric (warp or woof) is parallel to the axis of the envelope,
and if the tension ratio hapgens to correspond to the ratio of the rela-
tive thread lengths s,/8 and s,/ so that equations (3) and (4) (p.
162) are initially satisfied, there is neither thread shear nor thread
straightening, and the resultant deformation is due entirely to
thread extension. If the fabric is not parallel to the axis, thread
shear appears, and if the ratio of tension is not as just sta.t,ecf, thread
straightening appears. In the general case, all three are present.

The following consideration will show that, when these deforma-
tions exist together, they are not entirely independent of one another
@i. e., the change in form due to two working together is not nec-
esserily the sum of those due to the two separately).

The two equations for thread shear are

tenatang=o,/o, ¢);
and .
Soss ot @)

The first states that the threads must set themselves in the direc-
tion of the resultant of the applied forces. Obviously it continues
to bhold good when thread straightening appears. Equation (2)
expresses a relation between « and g which depends on the initial
vafues m and b, hence also on _f, and £, (CY. fig. 6 and fig. 14). Now
the quantities f, and f;, are altered by thread straightening, so that
equation (2) should be replaced by an equation of the form
g—:—gnx'cot'y

where z is a function of the thread straightening. This is especially
important for y=45°, where .

"‘*'gg:; z'cot45° =2z, hence a=p
g0 that thread straightening may indirectlfy produce a twisting of
the enve%pe which was not to be expected from the study of thread
shear. We shall frequently recur to this phenomenon, which is
disagreeable in the construction of envelopes.
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The same thintﬁi;ppem in thread straightening., The two equa-
are

tions governing
tene , ony _ @)
tan{ a,m,
and
cose+<e—§—;) sine+ cos;‘+<§'—%) sing=1 (4)

Equation (3) is purely the condition for equilibrium and is inde-
pendent of the angles e and ¢ (%).® On the contrary, the second is
valid only when warp and woof cross each other at right angles;
otherwise, the circuler arcs of the thread (cf. note p. 8) are replaced
by arcs of sﬂira.ls, and in addition the supposition of invariable
thread lengths is made impossible by the a.g earance of thread
extension, so that equation (%) is to be replace Ii)y & new equation,

cosa+<e—§15)sine+005§' +(§' —%’E)Sini' =Y
wherein ¥ is a function of the thread shear and the thread extension.

RELATION BETWEEN TENSION AND DEFORMATION.

Accordinau‘to equations (1) and (3) (pp. 159 and 162) the thread
shear and thread straightening are determined by the ratio of the
tensions, not by their absolute magnitude. This fact leads to the
following consequences:

1. Any tensions, no matter how small, produce the unique cor-
respondm% deformation in ite full amount.

2. The deformation takes place without the performance of any
work, and is not reversed by any internal forces in the fabric when
the load is removed.

3. There is no ga.rticula.r shape (length, breadth) of the fabric
corresponding to absence of tension.

We see that the equations are to be limited in their spplication.
They are based upon the unfulfilled hypothesis that the fabric is en-~
tirely devoid of elasticity. As a matter of fact, the thread pos-
sesses a distinet, though small, elasticity, which opposes a resistance
to the lengthening, compression, or bending of the thread, this re-
sistance incressing with the amount of the deformation.

To this must be added the effect of the rubberization (Gummierung).
The rubber which is squeezed in among the threads, and the layer of
rubber which is spread out over the fabric acts with regard to thread
shear as would a spring parallel to the diagonal of the mesh (als
federnde Diagonale) and with regard to thread-straightening and
thread-extension as would springs parallel to the threads themselves
(als federnde Verstérkung) teking a definite though small part of
the load off the threads (die die Fiden zu einem wenn auch kleinem
Teil entlastet).

1t is therefore to be expected that the fabric will undergo con-
siderable deformation even when the load is small, since it is re-
strained only by the elesticity of the threads and by the rubber.
The greater the load the more slowly will the deformation approach
its theoretical maximum value. the load is removed the elas-
Ficity of the threads and the rubber will strive to reverse the de-

ormation.

1t This s possibly & misprint for « and 5.—Transl,

L]
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VISCOSITY (INTERNAL FRICTION).

The thread substance (Fasermaterial) of the fabric Jmssesses a
high viscosity. The consequence of this is that the deformation
does not attain the amount depicted in curve I (fig. 20), but falls
short of it bt{l a certain amount, positive during the loading, nega-
tive during the unloading (curves II, ITI). The permanent altera-
tion in form observed after the unload-
theotetical Fnaiting vake ing is complete corresponds to equilib-
rium between. the elastic forces and the
viscosity. The process is the same as
in the materials used in machinery, but
in this case it appears practically onl
after the elastio limit is passed, while
in the case of balloon fabrics it ap-
ears no matter how small the load.
alloon fabric is always in the state of
plasticity.
Viscosity is due to the combined ac-
tion of a great number of resistances,
Fia. 30, which eare individuelly inaccessible to
] measurement. We can imagine it as
due to a kind of felting. This conception would explain why the
vicosity changes, within certain limits, during the process of defor-
mation, and why the state of equilibrium is not immediately and
permanently reached, so that every deformation requires & certain
amount of time to become complete.

EXPERIMENTS.

The experiments described in this pamphlet were carried out in
the revolving balloon hell of the Siemens-Schuckert factory, and were
distributed according to opportunity over the first half of 1912.

The experimental arrangements were simple. It was possible to
dispense with special machinery and apparatus for making measure-
ments of high accuracy, because of the magnitude of the deforma-
tions to be measured. For example, measurements of length were
ordinarily made with a narrow, flexible celluloid rule divided into
millimeters, tenths of millimeters being estimated. The loads were
standard weights and, principally, sandbags which had been weighed.

The choice of fabrica subjected to experiment was priua}())ally
determined by the stock of the repair shop in the balloon hall. Only
a few samples were specially ordered for the tests from the firm of
Riedinger in Augsburg.

The description of the experiments is confined to a short exposi-
tion of the experimental set-up and a graphic presentation of the
results; all intermediate computations are omitted.

To facilitate the inspection of the results, the tests are numbered
in Roman numerals. ermore, & table of materials is added at
the end of this paper in which all the materials subjected to tests are
briefly describeg and designated with letters.
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TesT I.—SLowNESS oF DEFORMATION.
(Materials E and F of the table.)

Strips 5 centimeters wide and about 40 cm. long (strips of these
dimensions are hereafter called normalstrips) were loaded with 20-kgm.
weights, equivalent to an applied tension of 400 kgm. per meter in
the direction of the woof. "(When we have diagnally doubled [ef.
P. 156] layers, the terms warp end woof apply to the directions in the
ower layer, which lies parallel? to the ength of the balloon.) (In
theoriginal: Bei diagonal doublierten Stoffen st fiir die Richtungsangabe
¢ Kette, Schuss™ jewells die untere, der Ldnge nach durchgebhendet
Stofflage massgebend.) The elongation (Afesslinge? 200 mm.) was
determined at intervals which are short af first (minutes and hours),
and, later on, longer (days).
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21-32 —Test f deforma . 5 fabrie F, 1doubling; ig. 22
FiGs. 21-22, I, slowness of d mﬂri?.z,(&mgm. ﬁgg&hmg s parallel doubling; fg. 22 (bottom),

Two similar strips were loaded with loads of 400 kg. per meter,
ﬁgt all at once, but in foursteps (100, 200, 300, 400) at intervals of 24

urs,

The readings were continued over four weeks, after which the
unloading began, with the first two strips all at once, with the last
two in four steps (300, 200, 100, 0).

The percentage elongations observed are shown as functions of
time in figures 21-22. e first point upon each curve or each arc
opposite which the amount of load is written is the point obtained
one minute after the load was applied (or removed); the second point

1 This perhaps means that the strips are eantinoons from one end of the balloon to the other.—Transl.
1+ Messliings” seems to mean & line drawn upon the surface of the fabricof which thelength wasmeasured.
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is the point observed two hours later; the third point is the one ob-
served 24 hours later. From that point on the elongation increases
only at a slow rate. It reaches its final value some 14 days after the
load is applied, but the contraction after unloading requires at least
four weeks. Small undulations in the curves (such as those marked
with ) are to be aseribed to considerabls variations in temé)erature
and dampness of the air. The exact relationship between deforma-
tion and these influences is neglected here, as in all the other tests.

Subsequently to the urnloading it becomes clear how small the
elastic forces are in comparison to the viscosity. The contraction of
the strips, especially in the step-by-step unloading, is sometimes too
small to measure. For the same cause, the permanent set (elonga-
tion) is very large, some 5% per cent.

TEST IIL—RELATION BETWEEN TENSION AND DEFORMATICN.
(Materials A, B, G, D of the table.)

Three normal strips of each material were extended to the point of
rupture by uniform ineresse of load: one parallel to the warp, one
parallel to the woof, one diagonally at an angle of 45° (with either
warp or woof). The additions to the load were made at short inter-
vals (about one minute) and were of 20 to 50 kg. per meter, accord.i.;]ﬁ
to the need for accuracy. The readings were taken aboutf one-h
minute after each augmentation of load, the elongation by meas-
u.ringbover 8 length of 200 mm. (Messldnge) and the breadth diminu-
tion by measuring over a breadth equal to the breadth of the strip,
50 mm.

The observations are graphed as functions of the specific load
(11{5. per meter) in figures 23-26. The individual points are plotted
only in the first diagram, so as to give an idea of the accuracy of the
curve.

The tension is here defined as the quotient of the applied load by

the initial breadth (50 mm.), not by the actual (lesser) breadth at °

the time the load is completely applied. This is the procedure in the
investigations of strain in the construction of machinery. Since, how-
ever, the deformations of these fabrics are immensely greater, it is
desirable to make a correction in more exact computations (see
below, p. 208). .

The experimental curves are of the kind predicted in e 20, and
thus depart considerably from Hooke’s law of proportionelity betwean
stress and strain. The stresses arising in practice do not ordinarily
exceed those corresponding to the initial rapidly rising part of the
curve,

The direction of the applied force is of decisive importance; all the
tests show the i:'ollowirgl phenomenon: the elongation of the warp is
different from that of the woof, and both are considerably exceeded
by that along the diagonals. In figure 27 this difference is shownal')g
the different lengths of the three sample strips under the same load.
The difference between warp and woof is a consequence of thread
straightening, and can result only from inequality of the wave heights
of warp and woof, so that the assumption made in ﬁjnres 17-19
(pp. 164~166)—i. e., that the initial wave heights are equal (s, =8, and
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e={)—can not be true. In the process of preparing the fabric there
are two stages at which such inequslities might be introduced:

1. In the loom, the motions and the forces undergons by the warp
and the woof are entirely different.

2. In the process of rubberization, the fabric is unrolled from one
roll and rolled over another under a certain tension, and is thus ex-
tended parallel to the warp and contracted Hpara]lel to the woof. A

art of this deformation is permanent. Hence one and the same
abric will possess a different initial value of the thread straightening
after the rubberization from what it did before.

To what extent this phenomenon, which is entirely disadvan-

tageous in the construction of balloons, is taken into account by the -

firms meking fabrics could not be ascertained. Inquiries about this
matter were made, but information was withheld by the firms.

Figures 23-24, relating to one and the same fabric, show the in-
fluence of rubberization; the elongation parallel to the woof (Schuss),
which is the lesser of the two in the unrubberized state, is nearly
double that parallel to the warp in the rubberized state. Similarly,
in the rubberized fabrics of figures 25-26 the woof elongation is the
greater (note especially fabric C); to it corresponds invariably
greater contraction parallel to the warp.

In this connection, reference should be made to the following ob-
servation: A series of strips was not submitted to investigation till a
few weeks, in some cases even soms months, after they were prepared
(i e., cut out and marked), since the operation of the Si
Schuckert balloons often consumed all the available time. Duri
this time the lengths which had been marked out with fine India-i
lines upon the fabric parallel to the warp diminished by about % to 1
per cent. This is most easily explained by a previous tension of
the warp threads during the manufacture.

The great differences between the extensibilities of warp and woof
indicate that the values of the relative threadslﬁggth 8/ should in
. practice be chosen between 37 and 5, where the aces of ficures 18
and 19 (p. 166) have sharpslopes. Quantitative comparisons between
experiment and the theory of figures 18 and 19 are rendered impos-
sible by the uncertainty in the initial values and by the simplifica-
tions introduced into the hypotheses of the theory.

The large deformations produced by diagonally applied load reveal
the action of thread shear. Since the normal strips are loaded only
in a direction parellel to the length, not perpendicularly thereto,
the tension ratio o,/s, is zero, and as theoretical limiting values we
should expect 41.4 per cenf, for the elongation and 100 tﬁ)er cent for
the contraction in breadth. As to the elongation, the observed
maxima are in good agreement with theory. some cases it goes
somewhat sbove 41.4 per cent because of thread extension. For
lesser tensions, the restriction of figure 20 is operative. As to the
lateral contraction, there is a difference of about 45 per cent between
theory and experiment. This is due to the space requirement of the
threads, which brings about that «+8, the angle between warp and
woof, can not becoma zero. This e is the sharp angle seen in the
three rhombs discerned one above the other in the right-hand strip
in figure 27. It may be computed from the elongation and the
lateral contraction, and is plotted in figures 23-26.
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The contribution of thread extension to the total deformation in
the diagonal direction is to be ascertained as follows: If we apply the
measured extension m and lateral contraction 7 to the equal sides,
drawn of unit length, of a right-angled isosceles triangle, the hy-

otenuse DE of the new triangle (ses fig. 24) represents the thread
ength, into which the original thread length B('has been transformed.
The difference between the two is pure thread extension. Its mag-
nitude is /(I +m)*+ (1 —n)*— /2. It is represented in figure 24, in
which it reaches the maximum value 5.8 per cent.

It should be noted that, in general, the values for the deformation
graphed in figures 23-26, being obtained after the load had been
applied for a short time, are smaller than those that would be found
in the case of a balloon envelope permanently under stress.

The values of the ultimate strength (stress causing rupture) are of
less importance for the purposes of this investigation. (To deter-
mine tl?em accurately, numerous tearing tests would have been re-
%V_uired, because of the difficulty of applying exactly ugla.nned stresses.)

arp and woof display approximately the same ultimate strength,
corresponding to the approximately equal number of threads per
meter (cf. fabrics C, D). In fabrics A, B the warp seems to have
been made of stronger threads. In the diagonal stresses the point
of rupture lies higher up than for warp or woof, since the two thread
systems share the burden. It is just here that exact determinations
are difficult, for at the place where the tension is applied the lateral
contraction is strongly opposed, and hence the load on the individual
thread is increased (cf. fig. 27); rupture therefore appears in general
too soon.

The observed ultimate strengths differ from those occu.ml;%oin

ractical work in being too large; the stress under which the envelope
Eursts is Jower than would be expected from these experiments. This
phenomenon was brought out cledrly in tésts of long duration made
with three-layer fabrics with diagonal layer between of less interest
in this gla,ce; it is due to viscosity. The constructor must keep this
in mind in applying empirical values of the ultimate strength, as
determined by tearing or bursting tests of short duration.

TEST III—THREAD EXTENSION.

A cotton thread taken from a spool was looped 10 times over 2
eyelets (fig. 28), thus making a bundle of 20 threads bound together
at two points oten, fig. 28), between which two marks were made
upon the bundle, and the distance between the marks (Messlénge)
measured ; this distance was originally 500 mm. A balance pan of
weight 55 g. was suspended from the Jower eﬁalet and we'ﬁ ts of
200 g. added successively; one minute after eac. addition to the load
the distance between the marks was again measured. 'When rupture
took palce, it began with the breaking of & single thread, after which
the others broke after intervals of a few seconds—an indication that
the load was distributed with sufficient uniformity among the 20
individual threads.

The observed values of the extension obtained in two such tests
representing, therefore, the mean values for 40 threads, are gra,pheci
in figure 29. The curve is of the same general character as those of
the previous test, but approximates more closely to that of Hooke’s



Tig. 27.—Test I1, three normal sirips; stress parallel to warp, woof, diagonal,
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law. The extension causing rupture lies between 5 and 6 per cent,
of the same magnitude, therefore, as that in figure 24 (cf. p. 172).
By subtracting the effect due to thread extension from the values
obtained for the elongﬁtion in es 23-26 we get the part due
Purely to thread straightening. It may reach 10 per cent (woof of
abric D), but may also be very small (warp of C).

TEST IV—DEFORMATION OF CYLINDRICAL ENVELOPES.
(Fabric D of the table.)

Seven cylinders of 80 mm. diameter and 300 mm. height were made
of the fabriec. (FI%S. 30-32 and 41.) The fabric was so cut out that
e by

the angle Y mad the threads of the warp with the plane normsl
? eyelet
&% <
knot

A |

| measwred |
- S
N

2 /V
/

25w B 0 & 1'%;9'
> Lad per thread
Fra. 2. Fra. 29.—Test ITL.

to -the axis of the cylinder (fig. 6, th 158) was successively equal to
0°, 15°, 80°, 45°, 60°, 75°, 90°. e bases were made of grooved
disks of wood 30 mm. thick. The tension was produced by water
pressure, the water inside the cylinder being in communication b
means of & rubber tube with & water reservoir which could be raise:
at will, so that any desired pressure could be produced.

The ratio of tensions was regulated by means of weights acting
either positively (so as to increase the longitudinal tension) or nega-
tively (so as to decrease it}. The cylinder was attached to an iron
bar (U-Eisen) by screwin% at one end; in the first case, it was sus-
pended from the bottom of the bar and weights hung on (ﬁgs. 30-31);
in the second case it stood upright on the top of the bar and the
weight was applied by means of a double lever balanced over its top
(6g. 32). In the latter case, the longitudinal tension could not be
quite brought to zero, since then the cylinder would have opposed
no resistance to bending. The minimum ratio of longitudinal to

ol
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transverse tension actually employed was one-fifth; even in this case
it was necessary to prevent the cylinder from bemfing over by slight
lateral supports.

The following tension ratios were investigated:

0,/0,=0.2, 0.5, 1, 2, infinity.

For the tension ratio 0.5 the cylinder stood u;i‘rlilght without any
a,pglied weight, on the known principle that in & cylinder with internal
hydrosteatic pressure the longitudinel tension is half the lateral. The
weight of the upper wooden disk, being very slight in comparison to
the water pressures (7,500 mm. of water) was neglected. For the
ratios 1, 2, and infinity, the cylinder was suspended with directly
attached additional weights. Ior the tension ratio infinity (fig. 31)
the longitudinal tension o, was produced solely by this weight, while
the lateral tension was made zero by emptying the cylinder of water.
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F1a9. 33-85.—Test IV, deformation of & miniahi;ebgande:. Graph fn 3 dimensions (family of curves}.
& 01=300 kgfm, og=e0 kgfm. (FebrioD.) b opm300 kg/m, or=150 gm.
¢ 01=800 kg m, 0y=300 kg/m. 4 01=150 Xgim o300 kgim.

e: 1or=0 kg/m, 0y=300 kg/m.

Water pressure and weights were so chosen that the greater tension
was elways equal to 300 /m.

For purposes of measurement, a rhombus standing on one end
(% with its diagonal parallel to the axis of the cylinder.—Transl.),
with diagonals of 80 and 100 mm., was drawn upon the cylinder with
India i&ﬁ, on the side opposite to the seam. The flexible celluloid
roller was used to measure its sides and diagonals, by means of which
the extension in diameter Ad, the diminution in length Al, and the
twist ¢ may be found.

The observed values are graphed in figures 33-35 as functions of v,
those corresponding to a single value of tension ratio lying on a
single curve; they were tsken after the load had been applied for
8 to 10 minutes. In figures 36-38 t.]:te{?ri:1 are represented in three
dimensions as functions of ¥ and 0,/o,, the values for of/o‘=0, 0.25,
0.75, and for o,/0,=0.25, 0.75, being obtained by interpolation. The
negative portions of the surfaces, which do not come Into considera-
tion in the case of balloon envelopes, are separated from the positive



F1a. 30.—Test IV, small cylinder without load. =15°. Twist present. (Fabrie D.)

Fra. 31.—Test IV, ve added load. Fia. 32.—Test 1V, negative added load.
=45 ( D) +=45°. (Fabric D.)

136
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fortions (those in which o,, the lateral tension, is greater than or at
east equal to o,, the longitudinal tension).

In the surfaces, the character of thread sheaf as predicted in figures
10-12 comes clearly to light. The observed values differ, however,
in absolute itude from the.theoretical ones; the higher values
are less than what was predicted because of elasticity, viscosity, and
the space requirement of the threads, while the lower values are
altered by the simultaneous thread straightening and thread extension.

The theoretical surfaces are symmetrical about the plane y=45°,
the observed ones are not. This is due to inequalities between warp
and woof. The extension of the woof is always greater than that of
the warp in the same position, and its contraction less than that of
the warp; thus, in figure 33, the incresse in diameter is greater for
v=90° than for y=0° because in the former case the threads of
the woof lie In the plane of the cross section. Kxceptional extensi-
bility of the woof corresponds always to exceptional contractibility
of the warp, and vice versa. _

In figures 35 and 38 we find in every case & positive twist af y=45°
This is the phenomenon described on page 12, a twist at 45° duse
solely to thread straightening. The sense of twist is the same for
2]l cases, since both longitudinal and transverse tensions stretch the
woof more tnan they do the wm;%

Figures 35 and 38, however, show a slight twist not only at 45°
but also at 0° and 90°, in one case positive, in the other negative.
The cause is as follows: In the fabric employed, in the state of zero
load, when the fabric was removed from roll and cut out (won der
Rolle entnommen und nach der Kettenrichiung orientiert ausgeschnitien)
the a.n.%le between warp and woof was not exactly 90°, but aboub
1° or 2° less than 90°, * In the cylinder for which y=0 the threads
of the woof were inclined by this much to the axis; when the load
was applied, they set ves parallel to the axis, and thus twisted
the cylinder through this angle of 1° or 2°. In the cylinder for
which y=90° the warp was parallel to the axis, so that no twist

could arise when g‘=oo. With increasing lateral tension, however,

1
twist made its appearance; for the threads of the woof, not lying
exactly in the plane normal to the axis, did not form closed circles
but rather arcs of spirals, which drew apart from one another until
opposed by the moment due to the increasing obliquity of the warp

eads. e figures show clearly the increase of twist with in-
creasing lateral tension,

The values for the tensions laid out along the axes of the diagrams
correspond to the initiel value of the diameter of the miniature cylin-
der. e actual tensions (load divided by actusal diameter) show in
places, however, quite considerable departures from these values be-
cause of the large changes in diameter. The graphs are thus dis-
torted. Were this not the cese, then, e. g., the negative surface for
the diminution in length would be congruent with the positive sur-
face for the increase in diameter, and vice versa. It would be pos-
sible to compute the actual tensions from the measurements of the
diameter, and thus to improve the curves. This correction must be
made by means of & long process of interpolation, and is super-
fluous, since the surfaces are employed not for purposes of compu-
tation but simply to give general ideas.

20185°—S. Doc. 123, 65-2—12
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FaBrics WiteE More TaaN ONE LaYER.

DEDUCTION OF THE DEFORMATION CURVES FROM THOSE OF SBINGLE
LAYERS.

The deformations of the fabrics with more than one layer, which
are exclusively used in the consiruction of envelopes, are deduced
from those of the single layer. .

Consider the following fabrics made from material D: A parallel-
doubled (see p. 158) fabric; & diagonal-doubled fabric, corresponding
thread systems of the two layers making an angle of 45°; a three-
layer fabric, two layers being parallel to each other and the third
diagonal. The tota{ tension corresponding to any given deforma-
tion is found by adding the tensions corresponding to this deforma-
tion for the individual layers. Thus, with diagonal-doubled fabric
the value of the tension, m, in figure 26, is the sum of the values a
and b, giving the tensions producing the same deformation in the
individual lzggzs; with a three-layer fabrie it would be n=2a4-5.

For the e-layer fabric there are four principal directions.
The terms “warp”’ and “woof” relate to these directions in the con-~
tinuous (durchgehende) * layers; the terms ‘“diagonal warp” and
““diagonal woof” relate to these directions in the disgonal layer,
which in the manufacture of the fabrie is laid down in single oblique
strips upon the continuous strips of the other layer (in einzelmen
schrdgen Streifen auf die durchgehende Baknen aufgeleg{f). When,
as in e 39, we have diagonal-doubled fabric, with both layers
made of the same material, the four principal directions reduce to
two.

The curves show that the manner of doubling is of decisive influ-
ence upon the s and upon the magnitude of the deformations.
Parallel-doubled fabric has twice the strength of the single layer.
Diagonal-doubled fabric is stronger than the s.i.nﬁle layer only by an
insignificant amount, for the diagonsal layer, because of its hi
extensibility, takes only a small part of the foad. Only when the
parallel leyer (parallel to the stress) hes resched the point of rupture
does the tension go over to the other layer, with a sudden increase
in the extension. Diagonal-doubled fabric therefore offers no
worth-while advantage over the single layer as regards strength.

The ratio of extension under diagonal stress to extension under
stress pearallel to wag or woof is as great for parallel-doubled as for
single fabric. On the contrcux, diagonal-doubled fabric displays
no greater deformation with diagonal or “shearing” forces than
under forces parallel to either thread system; it is “rigid against
shear.” Thus thread shear, which is responsible for the largest
part of all deformations, has no effect on it. Only thread streich
and thread extension need be comsidered. This property is almost
as important as is high ultimate str

Three-layer fabric combines the high ultimate str of parallel
doubled with the “‘rigidity against shear’ of diagonal-doubled fabric.

The ggresentaﬁon of the behavior of diagonal-doubled fabric is
completed by the graph of its lateral contraction, at the bottom of

1 Probably means as also on page 14 that the strips of this Iayer run through from onsend of the envel-
opestothngth.er.—TmnzL o bl v
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figure 39. Note here, that by reason of the multiplicity of contrib-
uting causes, different lateral contractions correspond to one and the

same extension for different directions of agplie stress, even in the

case of the single layer; these must be found by experiment. Thus,
for material D, the magnitude of the lateral contraction relativel
to the elongation is found from figure 26, for loads applied parall
to the warp, to the woof, and along the di nal, res_pectiveg.

In the cese of fabrics of more than one layer, without diagonal
stress, the coniraction is sometimes equal to the highest coniraction
that would be undergone by any of the layers separately. If this
were not the case—e. g., if the actual contraction were & mean of the
two or three individual values—the layer which would by itself con-
tract the most would undergo & tension in the diagonal direction,
the others would undergo & pressure. This is impossible. Now,
since the curves of relstive lateral contraction intersect each other
(fig. 39, bottom), we find corners in the coniraction curves of multiple
fabrics, which, however, are in general so flattened out that i
practice they are not perceived as such.

TEST V.—ELONGATION CURVES FOR MULTIPLE PABRICS.
(Fabrics E, F, G of the table.)

A repetition of Test IT with parallel-doubled, diagonal-douhled,
and three-layer fabrics gave the diagrams of figure 40. The three
fabrics subjected to test were thus different from the previously
described fabric D, as well as from one another. Nevertgeless, the
character of the theoretical curves predicted in figure 39 from the
curves for single layers is clearly to Ee discerned.

The sudden increase in elongation in the case of three-layer fabric
was esaecially cleer. In less than a minute the diagonal central
layer, although tightly cemented between the two principal layers,
was torn throughout its whole length into & number of small pieces
s(; tha.i;il:[ f)a.bric by transmitte?%ight appeared uniformly speakleé

esprenkelt).

Inp the case of the disgonal-doubled febric this observation was
made only once, for the point of rupture of the survivinﬁllayer lies
closer to the poinf at which the tension changes over (fo that layer),
and is reached too soon because of the destruction of the first layer.

The observed points are plotted for one curvein the case of diagonal-
doubled and one curve in the case of threefold fabric.

TRE SHEARING STRESSES.

In the preceding treatment, all deformations were deduced from
the two mutuslly perpendicular normal tensions ¢* (transverse) and
¢* (longitudinal); "the concept of shearing stresses was not intro-
duced.  There is & certain justification for this procedure in the case
of simple (single layer) fabrics, for these do not oppose resistance to
shearing stresses, but set themselves so as to annul them; this ten-
dency is what we designated as ‘‘thread shear.” In considering the
ben of envelopes, it is desirable to introduce the conception of
shearing stress, in order to meke the procedure conform with the cus-
tomary bending computations in the construction of machinery.
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The behavior of the single layer under shearing stress is to a cer-
tain extent already determined by the tests on the deformation of
cylindrical envelopes (p. 174) for the two resultants R, and R, (fig. 4)
may be replaced by forces, one parallel to (one system of) threads
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Tra. 40.—Test V, elongation curves of multiple fabrics. (Materials E, F, G.)

and the other normel thereto, the second being anslogous to a shear-
ing stress. The essential characteristics of shearing stresses are, how-
ever, most clearly apparent in fests on torsion.

TEST VI—SHEARING OF SINGLE-LAYER AND DIAGONAL-DOUBLED
FABRIC.

(Material D of the table.)

Three miniature cylinders of the fabric like those of Test IV, of
80 mm. diameter and 300 mm. length, were suspended and sub-
jected to internal hydrostatic pressure without additional suspended
weith, this producing, as stated, a tension ratio 1:2 (longitudinal
to lateral tension); the hydrostatic pressure was equal to that of a
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column of water 7,500 mm. high. Two of the cylinders were made
of a single layer of material D, the thread (presumably the woof.—
Translator) being in one case parallel to the axis, and in the other
inclined to the axis at45°. The third cylinder was diagonal-doubled,
i. e., made of two such layers glued fogether, one layer parallel to

the axis and one at 45°.
A disk of 160 mm. diameter was attached to the Iower base of the
cylinder, the upper base being secured agsinst torgue. (Fig. 41.)
o cords were attached at the edge of the disk, and thence carried

TSN

W,
ry

F16. 41.—Torsion test.

over rollers resting in bell bearings, beyond which lead weights were
suspended from them (the single weights being 2.5 kg.). The
forque was brought up first to a positive maximum (weight of 12.5
kg.), then Iowered to zero in equalsteps, then increased to a negative
maximum corresponding to the same weight applied to the other
cord, and finally brought to zero and then increased to so greaf a
ositive value that the cylinder was completely twisted around and
olds appeared in the fabric. -
A rhombus similar to that of Test IV (p. 175) was drawn upon the
fabric. The alterations in torque took place at five-minute intervals,
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and the readings upon the rhombus were made three minutes after
each alteration.

The shearing stress is computed as follows: Let the force in kg.
acting at the rim of the disk be represented by 7, the double lever-
arm of T in meters by D, the instantaneous diameter of the cylinder
at the point where the measurement is made by b, the shearing stress

in kg/m by r; then
o

Td

d is ascertained from the initial diameter, 80 mm., by taking account
of the measured elongation. D, the diameter of the disk plus that
of the cord, is 161.7 mm. The influence of the seam, which lies on
the opposite side from the rhombus, is negleted, as in Test IV.

In | e 42 the tangent of the angle of shear, ¢, is graphed as &
function of the shearing stress. e curves display & marked
hysteresis, as was expressed and explained in figure 20. Concepts
such as remanence (residual magnetism), coercive force, initial curve
(that obtained when stress is applied for the first time), may be car-
ried over directly from the science of magnetism.

The difference between the single layer with woof perallel to the
axis and the single layer set diagonally is very striking. The first
responds to shearing stress principally ]37 thread shear, the second
only by thread straightening and thread extension. Hence a high
degree of shear corresponds to a low degree of elongation (as seen In

. 26, p. 173) and vice versa. We should, then, expect that the
diasgonal-doubled fabric would behave, in rei}ﬁoct to torque, about as
the single layer set diagonally, since the parallel-lying layer takes u
only & small part of thestress. The observed shear is, in fact, muc
more nearly like that of the diagonal single layer than like that of
the parallel single layer. However, the twist is greater than with
the single diagonal layer, whereas we should expect it to be some-
what smaller.

This de(farture from the theory is due to the increased diameter of
the cylinder (evidently the increase due to the internal pressure.—
Transl). In o 42 the diameter d and the height % of the rhom-
bus are glx:aphe as functions of r, the unit of length being the milli-
meter. The diameter of the cy]’.inder, made of the single diagonal
layer, is greater than that of the diagonal-doubled cylinder, as in the
latter case the expansion is restrained by the parallel layer. This
difference in diameter operates in the following manner. The twist
results from the lenﬁ:;hening of one set of diagonal threads and the
shortening of the other, thus increasing the tension on one set and
diminishing it on the other. The smaller the diameter the smaller
is the initial tension due to the internal pressure, and the larger is
the relative change in tension due to the shearing stress. Thus, when
the threads are initially under slight tension the lenghtening and
shortening under given shearing stress are greater than when they
are highly tensed already (as is the case in the larger cylinder), and

it only slight changes in form. . .

Itis difficult to arrange exactly the seme experimental conditions
for tests on the two kinds of fabric. It would be necessary to pre-
vent increases in the diameter without interfering with the torsion
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(e. g., by means of numerous unconnected rings). 'We were able to
omit this precaution, as we were concerned oniy to show the advan-
tage, as rgﬁards behavior toward torque, of the diagonal as con-

trasted with the parallel position of the fabric on the envelope.
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F149. 43.—Test VI, sheer (under torque) of m&ﬁ )&n.d. disgonal-doabled fabrics. (Materfal D of the

The three torsion experiments were sometimes carried through to
the maximum admissible value of shearing stress. This maximum
depends on the two normal tensions of the cylinder, ¢, and o,, being

given by the formula
Maz. 7 = +fo,q;

The deduction of this formula from general hypothesis will be
carried out later in connection with the computation of the stresses
in the envelope. For the case of an idesal network, it is obieined as

follows:

In ﬁgo'u.re 43 let a=p be the angle made by the threads with the
axis. Obviously, so long as no torque is applied, the longitudinal
tension o, will be divided equally between two thread systems,
and the threads will set themselves parellel to the resultants of
o, and o,. This state of tensions is depicted by the cross-hatched
parallelzﬂams of forces. If in addition a shearing stress appears,
one of the systems of threads undergoes an incresse in tension, the
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other system a decrease. The angle of intersection is not changed.
There 18 then a certain value of the shea.rinﬁegtrm, for which the
tension on the latfer system vanished, If, when the torque was still
further increased, the cylinder retained
its form, the threads of this system
would be under pressure (paralle]l to
their lengths), which is Lmﬁ)ossible.
Folds are therefore formed; the eylin-
der becomes constricted, assuming a
shape like a hyperboloid (der Zylinder
schnurt sich hyperboloid-formig ein):
the equilibrium of forces becomes
lsbile; the continuation of the twist-
inilleads to a compgete collapse of the
cylinder, the water being squeezed out.
Fra. 48—Critieal torqus for s nonviscous  The critical shearing stress, r maz, is
network. therefore given by the equation

tan o« = v mazfo,
Now, according to equation (1),
lan o tan B = oo,
in this case, where a=8,
lan a = +foy/ea
hence .
TMAT = +/oy0,

The critical shearing stress is therefore to be computed, for the
present test, as follows. Since the folds must appear where the
normal tensions are least, i. e., at the top where the fabric is fixed
to the base, the diameter is to be taken as not much more than
80 mm. The water pressure at the top, which controls the lateral
tension oy, is equal to W—3H, X depending on the diminution in
length and being, on the average, about 110 mm. Hence

o, « (7,500 —110) 0.04 =296 kg/m.

The longitudinal tension is given by the pressure W + %H + the
weight of the disk, or rather the pressure equivalent of the weight of
the disk—on the average, 7,500 +110+75 mm.,

‘g, 6cc 7,885 0.04- § =154 kg/m
hence, the critical shearing stress at the top is
T maz =+/296-154 =214 kg/m

The shearing stress simultaneously e:mstmil at the level of the rhom-
bus is found from r maz by considering the cha.nie'a in value of the
square of the diameter. For example, for single-layer fabric in the
parallel position,

7 o 214-(80/83.5)* =196 kg/m

These are the theoretical values of the stress at which folds should
appear; they are indicated on figure 42 by the letters Fiy, while the
letters F,indicate the values at which they are first observed. These
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latter are naturally not perfectly sharp, and a certain latitude is
thus left for personal judgment. Nevertheless, the agreement is
satisfactory.

DEFORMATION OF AN ENVELOPE OF PARALLEL-DOUBLED FABRIC.

Tt is now possible to complete the picture, which in test IV we made
of the envelope as regards increase in diameter, decrease in I R
and twist, by taking mto account the bending. e anticipate what
is to follow by stating that each cross section of the envelopeis under
the influence of bending and Shem—h;i stresses.

Figure 44 represents schematically a balloon with vertically
sus(fended gondols, with the deformations due to applied couples
and to shear.

If the fabric lies parallel to the axis the envelope first undergoes
(according to figs. 36-38, p. 178) & small increase in diameter, a small
decresse 1n length, and no twist. The couples now gsroduce bending
stresses, which bend the envelope upward at the ends. Since, how-
ever, the bending can take place only by virtue of thread straighten-
ing and thread extension, 1t remasins confined to small values. On
the other hand, the shearing forces Froduce & large alteration in angle
of the parallel fabric. (Cf. Bg. 42, left, p. 185.)

If the fabric is set diagonally at 45° (to the axis), the envelope first
undergoes (according to figs. 36-38) a very large increase in diameter
and decrease in length, and little or no twist (see p. 157): The
diagonal fabric responds to the bending moment by thread shear,
the angles in its network becoming s r upward and more obtuse
downward. The result is that the ends are bent upward consid-
erably. The change in the line of centroids (elastische Linie) due to
shearing forces is, on the contrary, slight, for such a change can result
only from thread straightening and ad extension.

In both cases, therefore, the upward bending of the envelope
exceeds what is permissible, the difference bein.%lmerely, that with

arallel fabric the bending is due primarily to shearing stress, with
gjngonal fabric fprima.rﬂ&to the bending moment.

It therefore follows, that neither sﬁ}e—layer nor parallel-doubled
fabric, whether set parallel or diagonally with resPect to the axis
is adva.nta.%eous for the construction of the envelopes of non.rigié
ballgon}s)z. & isx],lo(f1 ci,aom'se, coxﬁ:sciiva.ble, that any curvature of the axis
might be annulled by previously giving it a corresponding negative
curvature; just as it is possible to attain a perfectly definite length
and diameter, by allowing for expansion and shortening before-
hand. However, even this would not meet satisfactorily all the
conditions of actual flight, in which & number of considerable bend-
ing and shearing forces are encountered (rudder, squalls). The envel-
oge would react to these momentary influences with large fexions, and
the ease of steering would be diminished. In the case of airshi
with dia%;)nal fabrie, there is the additional disadvantage that the
unavoidable variations of ges pressure during flight (due to ascend-
in%, descending, radiation) cause them to “breathe,” i. e., to change
in length and diameter, to an extent which can not be allowed.

How carefully the constructor must take into account these prop-
erties of parallel-doubled fabric is demonstrated by the French
airship manufactory, in which parallel-doubled material is used by

[ —
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reference, Fégurw 45 and 46 i‘etﬁresent the two ships Olement
ayard and Adjuant Reav. First, the bending moments and shear-
ing forces of the envelope are much diminished by a long gondola.

 shearing forces
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F1a, 44.—Deformation of an envelope made of & single-) or parallel-
dougllggfabdc. single-Jaye: or p

(Semirigid construction.) If this is not carried far enough, there
appears a shear sufficiently great to be u.npleasin% to the eye. The
envelope of the Adjuant Keau is especially well planned: the tip is



F16. 45— Clement Bayard; head tilted up by shear.

F1a. 48—Adjulant Reau; fabriclaid on disgonally.



ERPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS. 189

mads by folding together a quarter sphere (zusammengekiapter Vier-
tellkugel) with the result that at this point, where because of the short
lever arm the effect of the bending moment is inferior to that of the
shearing forces, the direction of fabric es gradually from
parallel to diagonal. The upward bending is thus red to a
minimum. Correspondingly, & gradusal deflection of the direction of
the fabric is carried out at the resr end of the ship, with the same
success,

DEFORMATION OF AN ENVELOPE MADE OF DIAGONAL-DOUBLED FABRIC.

For non.rigiid ships, of which tho envelopes have to resist large
moments and shearing forces, only diagonal-doubled fabric can be
employed (any fabrio is to be called diagonal doubled, if it contains
at least one diagonal Ia.grer). For its parallel layer prevents large
alterations in the line of centroids, while its diagonsl layer opposes
shear. Iislateral expansion and longitudinal contraction are small,
especially when a sample is chosen in which the extensibility of the
woof exceeds that of the warp as little as possible.

In the case of the first envelope of the Siemens-Schuckert balloon,
the most extreme type of nonrigid airship, it became apparent that
even the small ben of diagonsl fabric may, under certain circum-

i

aciual course

F1a, 47.—Bending due to rudders.

stances, exceed the permissible meximum. When the motors were
developing full power and the rudder was shm})%};urned (bei glarkem
Ruderlegen) the envelope bent in a downward direction through an
estimated angle of about 8°, this being observed because bﬁ chance the
airship was passing over a reflecting water surface. Beyond this
point, folds appeared. This bending resulted in a deviation of the
ship from her intended line of flight, which made it impossible to use
the full power of the motors continually during squally weather.
The diagram (fig. 47} is drawn from memory, as unfortunately no
good photograph is at hand.

B. EXPERIMENTAL BASES FOR PREDETERMINATIONS OF THE DEFOR-
MATION OF ENVELOPES.

Along with the fundamental differences, as to extensional proper-
ties, botween the three tgpes of fabrie (parallel-doubled, diagonal-
doubled, 3-layer), we find differences in quality between difierent
samples of the same fabric, depending on thread strength, number of
threads per unit length, previous tension during the process of manu-
facture, etc. Hence, in order to predetermine the deformation of a
envelope made from a given material, it is necessary to determine
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the “characteristic”’ of the selected material by special experiments.
We must inquire:
(1) What data are necessary and sufficient to determine completely
the character of the fabric with respect to its extensional properties?
(2) By what experiments can these dats be ascertained ?

8 cut a square element of the fabric out of the envelope [one side]
parallel to the axis, and apply to it the tensions which appear in the
most general case. These are, the normal tensions oy, o, and the
shearing stress r. The “strain” or behavior of the fabric is fully
determined, when we know the variation in length of the sides of the
sth-lla.re and the variations of its angles. We designate the graph
which representa the relation between variation in length and normal
tension by the term normal characteristic and the graph which
represents the relation between variation in angle and shearing stress
by the term shear characteristic.

Tae NorMar, CHARACTERISTIO.

To the homogeneous materials used in the construction of machin-
ery, we can apply the law of superposition; thatis, we can determine
the longitudinal expansion and lateral contraction due to each of the
two normal tensions separately, and set the total expansion equal to
the algebraic sum of the individual expansions so determined. That
is, the normal characteristic is established by the knowledge of a
single expansion curve and of the constant ratio between expansion
and flateral] contraction. Since throughout the practical range the
expansion curve is & straight line (Hooke’s law), it is sufficient to
give a single number, the SIOBF of this curve (coefficient of expansion).

It was already shown in Test IL (p. 170) that this rule does not
hold for balloon fabrics. Furthermore, the ratio between the expan-
sion in one direction and the simultaneous contraction in the perpen-
dicular direction is not constant (bottom of fig. 39, p. 180). Hence
the establishment of the normal characteristic requires two diagrams,
one for each principal direction.

Furthermore, as we shall see later, the superposition law is not:
valid; i. e., the deformation produced by lateral tension depends on
the simultaneous longitudinal tension and vice versa. Each of the
two diagrams must, therefore, consist not of a single curve, but of a
family of curves or a surface, each of the curves on which represents
the expansion for varying fateral tension under the condition of
constant longitudinal tension or vice versa. The normal charac-
teristic of balloon fabrics, therefore, consists of two families of curves.

Tar Seear CHARACTERISTIO.

Woe find a similar state of affairs in the case of the shear charac-
teristic. For the materials used in machinery a single number, the
coefficient of shear, is sufficient. Test VI (p. 182) showed that in the
case of balloon fabrie this number must be replaced by a curve, since
Hooke's law is only an approximation in the case of ghear. It
furthermore showed that the shear depends on the normal tensions.
If it depended only on one of the two normal tensions, we should have
ag in the case of the normal characteristic, & family of curves m_sbeati
of a single curve. Since it depends on both, we require & family of
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surfaces. Such afamily may, e. g., be made up of surfaces of constant
ghear, over which the longitudinal and transverse tensions vary.

Because of the differences between warp and woof it is desirable
to determine the shear characteristic for both directions. In the
torsion experiment this corresponds to the positive and negative
branches of the hysteresis loop.

Since the shear depends on the two normal tensions, we next inquire
whether, inversely, expansion and contraction may not depend on the
simultaneous shearing stresses. Were this the case we should have
to replace the two curves determining the normal characteristic each
by & family of curves. However, as we shall see, the influence of
the shearing stresses upon expansion and contraction is, within the
practical Mmécﬁixrqﬁglble, go that the simplification in question is
justifiable, especially so as it is introduced for the purpose of ren-
dering complicated computations avoidable. For the same reason
we shall later find ourselves impelled to reduce the shear charae-
teristic to & single surface by a particular simplification.

METHODS FOR ASCERTAINING THE NORMAL CHARACTERISTIC.

The experimental scheme for de ining the normal character-
istic is dictated by the end to be sttained; the fabric is to be loaded
by simultaneously applying tensions parallel to the two dSJ-I:ri:ncipal
directions, and the variations in length parallel to the two directions
are {0 be measured. This double loading msy be brought about
either by the combination of internal hydrostatic pressure and sus-
pended weight acting upon & miniature cylinder (Test IV, p. 175) or
simply b’%h e application of weights to a flat cruciform piece of the
fabric. o latter scheme possesses the advanteges of simplicity and
of absence of corrections (p.177, bottomy); it is merely the experiment,
upon the normel strip, performed in two dimensions {Tests If and V).

Each observation gives one point for each of the two families of
curves belonging to the normal characteristic. Taking this into
account, three methods may be distinguished:

1. The entire series of Tomts used to determine both families may
be determined successively from a single cross-shaped piece.

2. Each of the individuel curves making up & family may be de-
termined from & separate cross.

3. Each separate point mag be determined from a separate cross-

The choice of methods is decided by the condition, that the in-
fluence of slowness of deformation (Test I, tﬂ.;al? 7) should be circum~
vented as far as possible. In this respect third method is by far
the best. It precludes mutual influences between the observed
points (gegenseitige Beeinflussung der Versuchspunkie; i. e., probably
the determination of any point is independent of that of any other—
Transl.] and permits the ex;frim_enter to make tests of long duration
without expending too much time [probably because tests can simul-
taneously be carried out on several samples—Transl.], in which tests
it is possible at any time to sscertain whether the test has already
lasted long enough or whether it should be prolonged. The method
requires & relatively large amount of fabric, but this is not a serious
disadvantage, considering the size of balloon envelopes. In fact, it
may rank as an advantage, for it becomes possibls to form an opinion
of the uniformity of the fabric, since the numerous observed values
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determine the surface graphed with great accuracy and exceptional
values are easy to detect.

When the first method is used, the observations must come one
after the other in time, forming a single series; with the second
method, they are grouped in several series. Consequently, the time
allowed for each observation can not be nearly so long as is permis-
sible with the first method, or the test would require months. Fur-
thermore, the state of the sample at the time of an observation de-

ends on its state at the previous observations—there is a sort of
‘interference’” among the various obsreved values. It is necessary
to reduce this interference to a minimum by arranging the order of
observations in & particular way. Here begins the uncertainty, the
opportunity for personally made interﬁaolat,ions. The manner of
making these interpolations is given in the description of Test VII.

METHOD FOR ASCERTAINING THE SHEAR CHARACTERISTIC.

Theshear characteristic is best determined from torsion experiments
like those of Test VI. If the shear is to be measured for m different
values of the lateral and n different values of the longitudinal tension,
it is necessary to plot mn hysteresis loops. The desired permanent
values of the shear are to be deduced from the instantaneous values
actuslly observed by taking account of the remanence.

Here, too, it is possible to determine all the curves—in this case,
hysteresis loops—by observations on_a single miniature cylinder or
onseveral. Itisnot, however, so essential to have many samples, as
the permanent values of the shear are deduced from the mean hys-
teresis loop, rather than by protracting the time during which the
load is applied.

TEST VII—THE NORMAL CHARACTERISTIC OF A DIAGONAL~DOUBLED
FABRIC. SINGLE-CROSS METHOD.

[Material F.}

The experimental arrangement is shown in figures 48-50.

A cross-shaped piece of fabric, the four equal arms of which are
hemmed and looped over at the ends, and are 250 mm. broad and
equally long, so that the central portion of the cross is a square, is
outstretched in a framework made of sheet metal with corner plates
(aus Blech und Winkeln). The two tensions are produced by the
weight of sandbags applied to the arms A and B by means of bent
levers, of which the arms stand in the ratio 1:2.” (Fig. 48, lower
left.) The points C and D, opposite the levers, are fixed. However,
set screws are placed both at the levers and at the fixed points, the
purpose of which is to keep the central point M of the cross over the
center of the frame and the levers U in a horizontal position, whatever
the amount of the deformsation. L ]

For measurements, a quadratic network is drawn with fine lines in
India ink, its sides being 200 mm. long; for purposes of reproduction
(figs. 49 and 50) these lines have bean retraced heavily in white,
as the photographic plate shows almost no contrast between the black
lines and the yellow fabric. The same procedure was followed in

making all the other photographs.



REPORT NATIONAL ADVISORY COMMITTEE FOR APRONAUTICS. 193

The tension was distributed uniformly over the breadth of the arm
by means of a steel tube, lying in the fold made by the looped-back
arm; the load is applied directly to a bolt which traverses the tube
laterally (cf. figs. 49-50). The bending of this tube under such
forces as are applied is negg.igfble, so that the extension of the arm
is the same throughout its breadth. Perfect uniformity is not, how-
ever, even yet attained. At the four inner corners E, thers is a
mutual influence of the two tensions, so that, we ml%ht say, they are
not “conducted’ straight across the intersection of the eross-arms,
but bend around the corners into the intersecting arm because of the
rigidity ageainst shear of the fabric. (Fig. 51.) The tension at the

F1a. 48.—Experiments! arrangement of ““single-cross™ method.

corners of the network is thus diminished, and the rectangle assumes
a sort of barrel-shape. The distribution of tensions is, therefore, not
that corre.s_pondint%1 to the rectangla 1-2-3-4 in figure 51, but that
corresponding to the cross-hatched surface.

Correction. may be made for this annoying secondary effect in
VArious ways. the present experiment, it is made by applying,
in addition to the weights already described, four “ auxiliary stretch-
ing clamps” H,, H,, in order to siretch the arms out laterally in the
vicinity of the center of the cross. In figure 48 only two of these
are shown. They must always stretch the arms to such an extent

20165°—S. Dog. 123, 65-2—13
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that the sides a—a, b~b, of the network, prolonged, become straight
lines. TFor, in this case, the lateral expansion of the arms is equal
to the expansion of the central surface, and no “flowing over” of
the tension in one crossbeam into the other takes place. Hence, in
figure 51, the rectangle of tensions 1-2-3-4 is accompanied by the
rectangles 2-3-6-5 and 1-4-7-8.

The auxiliary clamps are placed at different levels, so that H, and
H, lie, respectively, above and below. They are not connected with
each other nor with the framework, so that the% can follow the
central figure, however it may be deformed. The tensions are
applied by means of Iogfs sewn to the fabric. It is important that
t]?ese loops be sufficiently wide and sufficiently close to the central
square. The scheme could be improved in this direction. In
general, the auxiliary elamps do not furnish an entirely satisfactor,
solution. It tekes muc
time to adjust them, and
they must be constantly
watched, since in the early
stages of load the fabric
flows rapidly.

The test in detail is as fol-
lows: 7X7 or 49 separate
points are observed, the fen-
. glon being altered between
-observations by 80 kgs. per
! meter, i. 8. the weight of sand
! applied at the end of thelon,

! arm of the lever being altere

; each time by 10 kg. The
I ! ' maximum tension, i each
i

t

|

: direction,was therefore8 X 80
or 480 kgfm. In figure 52,
the order of succession of the

L]

%L 4 points is shown by the ar-

rows. The dia Ia and

- Ib are from a first series of

3 observations, IIa and IIb

Fiq. 51.—Nonuniform distribution of tension. from & second series under-

taken for purposes of verifi-
cation. In the first series, the longitudinal tension is changed after
every observation, the lateral onlysix timesin all; in thesecond series,
thisisreversed. (Longitudinal tension corresponds to warp, lateral to
woof.) A long paus:%is days) intervened between the two series, In
order to give time for fabric to resume its original state. This was,
however, not quite attained. (Cf. figs. 21-22, p. 189.) i
During each series the load was altered at 10-minute intervals.
Friction In the supports of the lever (steel bolts in bronze bushings)
was eliminated by shaking the framework violently. The length and
breadth of the network, now rectangular, was then measured In s1X
places, invariably eight minutes after the change of Joad. .
In figure 52 we have the mean values of the extensions expressed in
percenteges of theinitial length. For each of the two series there are
two frmzfies of curves Ia, Ib, and Ila, IIb; Ia and Ila giving the exten-~
gions (positive or negative) of the warp, Ib and IIb that of the woof



Fu. 40.—Test VII. Normal characteristic. Single-cross method. Seenfromabove. Material
F ol the table.

F1a. 50.—Test VII. Normal characteristic. Single-cross methud. Seen from side.
194
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The strﬂ:in%ithing about these curves is the marked remanence of
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broucht to light by changing the method of plotting the results
those obtain]i%hin o first series being lottedP in figure 53 in the
manner in which those of the second are plotted in figure 52, and vice
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versa. The goi.nts on the new curves ke alternately too high and

too low, this being due to the remanence.!
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! This probably meens In (say) series In, 0, wes first kept equal to 0, whila oy was raisad to 480; o was
thenmislgdtosnynndmlawMAWpbystﬁpmo,mmk?)?nfgﬂmkséomdmbmgwo bee:xlx.snot
the remanenoe of the high positive value of extension a 6d at 02=480; when oz reaches 0 the extension
gneg%ﬂvqgrndmhﬁmdmamﬂwmmemmﬂngmmmﬁﬂrdam,vi:,thstoorresponding

01 =160.~Translatar.
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To each observation of the first series corresponds an observation
of the second series, made for the same values of o, and 0,. The last
step in the deéerm;ngsﬂ:ion Of;h the normal chamctgristic oonsistsﬁ
comparing end weighti e corresponding observations.
weighting and the subﬁuent in oFatiﬂmm which the con-
tinuous curves are drawn is governed by the following considerations.
In some cases the results of one series are more reliable than those of
the other. In particular, the four ‘‘initial curves,” two from each
series, in which one of the tensions remains zero while the other
varies, are specially reliable (they are distinguished by points in figs.
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Fi6. 54,—Normal charasteristic of a diagonal-doubled fabrie (fabrie F7).

52-53) because they are not affected by previous loads. These curves
are therefore taken over bodily into e 54, where they form
limiting curves of the families there gra (which are those corre~
sponding to IIb), while the points of the initial curves of Ila, Ib
appear along the axis of ordinates in figure 54. As to the terminal
points, at which both tensions have their maximum value (480) it is
certain that in one series the values are too high, in the other too low.
The values plotted in e 54 are therefore the arithmetic means.
These points being established, the remaining curves are drawn, more
or less arbitrarily, so as to conform in general appearance as closely
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as possible to the original curves of figure 53. The zero points are
those of the first series.

The dotted curves in figure 54 are those of the other family [e. g.,
on the left, ¢, varies continuously in the continuous curve and o,
is the parameter, while o; varies continuously in the dotted curves
and o, is the parameter]. This scheme permits a certain contréle of
the sfta,pe of the curves. Point A of one system corresponds to
B of the other, C to D, ete.

The normal characteristic reveals everything of importance about
the behavior of the fabric:

Hooke's Law does not hold, for the curves are not straight lines.

The law of superposition does not hold, for the curves are not
[} ent.

the deformation were due entirely to thread shear, it would
vanish whenever the two tensions were equal. Since thread straight-
ening and thread extension also enfer in, the deformation does not
vanish in this case; the curve which is the locus of points of equal
tension (drawn with slternate dots and dashes in fig. 54) lies in the
positive part of the plane. _ ,

The modulus of elasticity at any point would be the tangent to
the curve at the point in question. For examfple, the modulus of
elasticity, for strains parallel to the warp, and for the values of the
normal tensions at point P, would be the tangent to the curve at
P: 284X 10 or 2840 kg/m.

TEST VIIL—°‘MANY-OROSS METHOD” FOR THE NORMAL CHARAC-
TERISTIO OF A THREE-LAYEE FABRIC,

[Fabrio G.]

In this test the number of observations was limited to 5X5=25,
at intervals of 100 kg/m in the tensions. The maximum tension

was 400 kg/m.
The five observations for a single value of the longitudinal tension
are made simultaneously by the schems of 55 and 56. The

various lateral tensions are produced directly by suspended weights,
the uniform longitudinal tension by a suspended weight and nearly
frictionless pulley (die gemeinsame Ldngsspannung wird horizontal
unter Zuischenschaltung je einer auf schrdger Bakn, 46°, frei aufge-
legten, dh. nahezu reibungsfreien Rolle erzeugt. Obscure. The word
golle l)na.y refer to the interconnections between crosses shown in

. 56).

gFor the case in which the longitudinal tension was zero, four
normal strips were employed (not visible in fig. 55). .

The arms of the crosses were 50 mm. broad, the weights varied
from 5 to 20 ki For the measurements, the entire square formi
the center of the cross (drawn in white in fig. 56) was employed.
The accuracy of measurement, in spite of the shortness of the sides
of this square, is sufficient for ’Fﬁactical purposes because of the
inhomogeneity of the fabric. e distortion of the square by
“leaking over’ of the tensions, as described in Test VII, is impeded
b{y making several slits in each cross arm parallel to the dircetion
of the tension. This schems serves the purpose much more simply
and surel;-r[‘ﬁha.n does the scheme of auxiliary clamps, previously em-
ployed. e slits intercept the [diagonal] tensions fiable to extend



Normal characteristio, Many-crass method. Fabrie G.

FiG. 55.—Test VIII.

Blifting of the cross-arms. Fabrie G.

F1a. 56.—Test VIII. Normal charactacistic,

198



REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS. 199

away from the central area. The cross arms must be sufficiently

long to reduce to a negligible amount the oblique forces due to gaping -

open of the slits.

The test was performed in two corresFondinE series of observa-
tions. Two separate crosses were made for each observation. For
the first series, the lateral tensions were firs applied, then the longi-
tudinal tension. Simultaneously, the longitudinal tension was ap-

plied to the other set of crosses. After first series of observa- -

tions, upon the first set of crosses, was finished, the weights were
suspended from the lateral arms of the other set. Thus for each
pair of values of the tensions, two values of the deformation were
observed; one value being influenced more by the latersl, the other
more by the longitudinal tension. For the four normal strips, for
which the longitudinal tension is zero, the second series naturally
does not exist.

The two series of tests lasted three weeks. During this period the
deformstions were messured a number of times. The measure-
ments were always made at three places on the square, in the middle,
and at a distance of 5§ mm. from corners.

In Fig. 57 the measured extensions are plotted (as percentages
of the initial length) in families of curves; the first and third diagrams
reproduce the extensions as measured 24 hours, the second and fourth
the values found three weeks after the loads were applied. The
continuous curves belong to the first series, the dotted curves to the
second. (Considering the way in which a balloon-envelope is made
out of longitudinal sfrips, we designate as lateral tension oy, here
and everywhere else in this work, the tension parallel to the woof,
and as longitudinal tension a;, that parallel to the warp.)

The apparently chaotic way in which the different empirical curves
interlace each other is duse less to uncertainty of measurement than
to nonuniformity of the fabrie; because, in ail measurements carried
out with one and the same cross, over the thres-weeks interval, the
devistion from the values expected was generally (in der Regel)
found to be the same.!

The influence of prolongation of the period of load was of the same
neture as that expected from Test I (p. 169). Readings after 14
days showed a marked increase of the deformation over that pro-
duced in one day, but were practically identical with those made
after three weeks, so that the three-week period may be regarded,
considering the accuracy of observation, as long enough.

The difference between the two series of results shows the strong
influence exerted upon the extension by that ons of the two tensions
which was first applied. Comparison of the first with the second
and of the third with the fourth of the diagrams of figure 57 shows
that this influence diminishes in amount as the length of time,
during which the total load is applied, increases.

The normal charaeteristic is ﬁné.ll)ly established, as in the previous
case, by combining and weighting equally the corresponding obser-
vations of the two series, the deformations for the three-weeks
period being the only ones retained; the mean between the corre-
sponding velues is thus plotted; the ecurves of which A is one, in

rltlggubably, in the measurements carrfod ont at the three pofnts on the square, as destribed at the top
of page—Transi.
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ﬁﬁure 58, are thus produced. By interchanging «; and o; we obtain
the curves B. By ?nspection, in order to produce a fa.milly of curves
of more regular appearance they are altered to the curves C, and
by interchanging o; and o, once more, the curves D are formed.
I‘ft;re, of course, there is & certain amount of latitude for arbitrary
i udﬁment, but nevertheless the resulis seem more reliable than
with the “single-cross method.”

For practical purposes it is gensra]ly sufficient to investigate the
range of tensions which are to be reslized with the envelope actually
to be constructed. In particuler, given the diameter of the envelo
and the internsal pressure, the lateral tension may be restricted within
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Fi1g. 58.~-Normal characteristic of a 3ayer fabrioc (fabrie G).

much narrower limits than those selected in the present research.
It is recommended to vary the longitudinal tension by smaller
amounts at & time, so as to make more measurements over a given
interval. A suitable practical value for the breadth of the cross-arm
is 100 mm., and the cross-arm may be divided by nine slits, at least
150 mm. long, into 10 strips each 10 mm. broad. It seems that two
series would be unnecessary, if the two tensions are applied as nearly
at the same moment as possible. Since practical obstacles prevent
simultaneous application of the weifhts, it mi%ht be done approxi-
mately by appl first a fraction of the lateral load, then a fraction
of the longitudinel load, then snother fraction of the lateral load,
and so on until the entire load is applied.
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TEST IX.—THE SHEAR CHARACTERISTIC OF A 8-LAYER FABRIC.
[Fabrio G.}

Employing the method of Test VI (p. 182), nine hysteresis Joops
J-IX were plotted from observation; three of these corresponded to
each of the three values 200, 250, 300 kg/m of the lateral tension,
and one of each three corresponded to each. of the values 80 per cent
20 per cent, 50 per cent of the ratio between longitudinal and lateral
tension. For the first two ratios, additional weights were employed,
in the way described on page 176. The values given for the tension
are computed on the initial value of the diameter.

All nine tests were made upon one and the same minjature cylinder
of 80 (or, more exactly, 79.6) mm. diameter and 300 mm. length,
which was always euspended ; in order to produce the 20 per cent
ratio (0,:0,=0.2), the “‘negative’” load wag applied by means of an
equal-armed upside-down lever, as shown in figure 60.

Cylinders of three-layer fabric, closed at the ends as before (fig. 41,
F. 183) with grooved wooden disks (eingebundene Holzscheiben) were

ound not to be sufficiently water-tight. The wooden disks were
therefore replaced by turned thin-walled bronze disks, to which the
fabric was clamped by means of two metal clamps 180° apart. -
(Diese wurden daher ersetzt durch dinnwandig ausgedrehte Bronze-
scheiben, auf denen der Stoff durch je 2 um 180° versetze Blechscheiben
Jestgeklemmt wurde.) The torsion disk of 160 mm. diameter, and
the weights of 2.5 kg. each, were the same as in Test VI, and a similar
rhombus with point downward was drawn upon the fabric.

The maximum load applied was 10 kg., except when the tensions
were low, in which cases the load was not increased beyond 7.5 or
even 5 kg. so as to avoid the formation of folds. As the tests some-
times terminated with the highest applied load, and hence with the
cylinder considerably twisted, it was brought back by hand into its
zero position before beginning the next set of tests. The intervals
between successive sets of tests were at least three hours long, and
during each of them the tensions were kept steady at the values
appropriate to the following set.

e results are graphed in the nine hysteresis loops (I-IX, fig. 61),
the trigonometric tangent of the angle of twist, i. e., the shear per
unit length, being represented as a Iunction of the shearing stress.
The valuesof the normal tensions corresponding to each of the curves
are as follows:

I II IO IV V VI VI VII IX
o, 300 300 300 250 250 250 200 200 200
o, 240 150 60 200 125 50 160 100 40

The first step in the setting up of the hysteresis curves shear
characteristic consists in replacing the hysteresis loops by single
curves. We might, for example, consider the initial curve &s the
important one; by using this curve we could compute the shear
which would be undergone by the envelope when it is mounted for
the first time, before its first voyage. After it goes into service
however, it is subjected to excess tensions, first in one sense and
then in the other, so that the eventual deformation corresponds to a
sort of average curve.



Fia. 59.—Test IX. Torslon-test. “~Positive” additional Joad. Fabrie G.

F1a. 80.—Test IX. Torsion-test. ¢ Negative™ addltional load. Fabric G.
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In figure 61 average curves are plotted by halving the remanence
{apparently by drawing the curves, whose ordinates lie halfway
between those of the two sides of the hysteresis loops.—Trans.]
They pass through the tips of the loops, and depend on the maximum
amount to which the stress has been raised, or, in practice, upon the
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Fuia, 61,.—Test IX. Hysteresis loops for the shear charagterisiie (fabrlo G).

excess stresses encountered by the envelope during flight. Since the
stresses occu.m'nﬁ in practice are decidedly less than the criticel stress
(that which produces folds) only the central part of the curve is of
'vu:forta.nce. If now we go over into three dimensions and for each

ue of the shearing stress plot a surface representing the shear as
& function of the longitudinal and of the lateral tension, the family
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of surfaces so produced forms the shear characteristic in the form
described on page 190.

Now in figure 61 we see that for slight shearing stresses the average
curves are very approximately straight lines, so that within certain
limits Hooke’s law applies. e may then reduce the shear charac-
teristic to a single surface by plotting the slope of this line, or modulus
of shear, as a function of the tensions. e slope taken is that at
the point of inflexion in the curve. The graph is in ﬁgure 62. TFor
example: From loop No. 1 we find the value of the modulus of shear
to be 10X 127.5 =1275 kg/m for o, =300 and 0, =240, and this value
is a,ccordi.tiﬁily plotted in figure 82 vertically over the point having
these coordinates in the o,0,— plane.

N
2200 \'\
&
1 ~
500 200
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F16, 62 —Test IX, The shear characteristio: Representation by a single surface,

These tensions are computed from the water pressure and the mean
diameter during each test, taking the additional load into considera-
tion. The formule for the computation are for the lateral tension:

aw

Oy —p—

2
For the longitudinal tension:

o,=§( W+ %):t%

Where d is the mean diameter, TV the water pressure at the center
of the rhombus, 4H the water column beneath the rhombus (fig. 41),
Z the positive or negative additional load + the weight of the base,
etc., of the cylinder.

In contrast to the procedure in obtaining the normal characteristic
the tensions computed are the true ones, not the true ones reduced
to the initial diameter. This difference in trestment follows immedi-
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ately from the difference in the nature of the phenomenon, and must
not be neglected in applying the shear characteristic to the computa-
tion of the shear of envelope in practice.

_ The average curves obtained in the way described from the hystere-
sis Joops can be replaced b{ straight lines, even when the shearing
stresses involved exceed the limits there proposed; we must, however,
employ the secant to the curve instead of the tangent at the point
of 8.lll.nﬁgmon; the result is that the ordinates G (fig. 62) become
smaller.

Figure 62 shows that the shear is in general smaller, the greater
the tensions. This was observed in Test VI (p. 182) with single-
layer fabric and there explained in part. The reasonong may here be
somewhat generslized. Form the resultent of the ing stress
= and the longitudinal tension ¢?; the inclination of this resultant to

Agfrm
2000

fm\\\‘”” L

0=250 HW\\W&\ %

520 ld;"zw \

a S -
M@ﬁn 25 200 0 0 = [/
di i ettt —

F1G. 63.~Test IX, Bhear chamocteristio represented as family of curves (fabrie G).

the axis, which is the limiting value of the shear for a nonviscous
network, will for a fiven value of r diminish as o? increases.
practical shear will depend on the tension in the same way, since by
reason of the elastic forces and the viscosi:g&i: is always less than the
theoretical shear. In 63 the shear acteristic is represented
as g family of curves, this being a more suitable form for praetical
application.

e change in diameter produced by the twist amounted to at
most 0.5 per cent for a load of roughly 100 kg/m, the change in length
to 1.5 per ¢ent. Hence the influence of shearing stress upon elonga-
tion and lateral contraction is much smaller than that of the tensions
upon the shear. In considering the deformations arising in practice
it may beneglected, all the more because, as indicated on pege 191,
the sge ing stresses are largest only where the bending stresses are
smallest, a.ni vanish where the bending stresses attain their maximum,
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C. DEFORMATION OF THE ENVELOPE.
FORCES ACTING ON THE ENVELOPE.

The envelope of an airship undergoes both permanent and transitory
deformations. Only the former are to be considered in predeter-
nining theshape of the envelope. We therefore ignore all aerodynamic
forces and all forces due to the motors (motorische Krdfte) which
appear during flight in & straight line or more particularly in & curve,
ang consider the airship in equilibrium in a horizontal position.

The envelopsis subject, first, to the pressure on thewalls. This in-
creases ! practically uniformly from the bottom upward; the total
vertical component is equal to_the total lift AV, A representing the
lifting power cubic meter and V the volume. The weight of the en-
velope and of all suspended loadsform, together with thelift, a system
of forces in equilibrium.

The effect: of the pressure and of the weights is to produce lateral
tension ¢, longitudinal tension o;, and shearing stress r upon every
area element of the envelope. The axial component of the pressure
first-produces longitudinal tension. The distribution of this tension
over the circumference depends on the shape of the.cross section.
If this were a circle, and if the pressure were everywhere the same,
the longitudinal tension would be uniform. But the first supposi-
tion is only a,pgjrg:dmately true, the second not at all; hence the
uniform longitudinal tension is complicated with bending stresses, so
that the pointof agplica.tion of the general resultant of the longitudi-
nel tensions coincides with that of the general resultant of the forces
due to the pressure; hence the pressure alone fends fo produce a
bending of the envelope.

The radial component of the pressure produces lateral tension.
This, in conjunction with the suspended Welgnt and the weight of the
envelope itself, is primarily responsible for the shapeof the cross sec-
tion; hence the manner in which the load is suspended is of especial
importance.

ince, in general, the load is otherwise distributed over the 1

of the envelope than thelift, additional bending moments arise. n-
sequently, the longitudinal tension, which was nonuniform over the
circumference of the envelope by reason of the pressure alone, is still
further altered. Finally, the vertically acting loads are themselves
transmitted to the envelope by means of ob]ique(lef placed cords (sus-

ension, Takelung), which produce forces parallel to the axis which
Bkewise affect the longitudinal tension.

The equilibration of lift and weight throughout the length of the
envelope is performed by the shearing stresses.

TEe Proorss oF COMPUTATION.

Exact computation of the tensions and deformations at each point
of the envelopeis impeded by the interdependence of the two tensions
and of the shearing stress which we have already studied. Further-
more, the cross section is circular only &t the ends, deviating from
the circular shape in the region where the suspension is attached.

1 Possibly & misprint for “qocreases,”’—Trenslator,
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Fortunately, if exact computation is impossible, it is likewise
superfluous. For, in the first place, the internsl pressure is subject
to variations about a mesn during flight. In the second place, the
forces depend on the temperature of the sir and on the barometer.
In the third place, it results from the viscosity of the fabric that &

iven load does not determine the deformation uniquely, but rather

etermines & range of possible values, the one value which the de-
formation actually assumes depending on the previousloads. Finally,
the fundamental determinations of normal and shear characteristic
represent only more or less close approximations to the true mean
values, because of the inhomogeneity of the fabrics. If now we
recollect that the purpose of these investigations was to enable us to
avoid Jarge errors in the shape of the envelops, it is clear that in the
computations to follow the aim must be to obtain practical approxi-
mations by using methods as similar as possible to those employed in
the construction of machinery.

For this reason we will neglect to a certain extent the interde-
pendence of the individual stresses and separate the computation
into several independent parts. If first we ignore bending and shear-
ing stresses, there remain (as stresses of the first order of magnitude)
the longitudinel and lateral tensions due to an internal pressure
everywhere constant and of moderate amount. These arise when
the envelope is filled not with gas but with air, and its own weightis
neglected. These first-order tensions produce increase in diameter
and decrease in length, which can be evaluated by means of the
normal characteristic. We then fill the envelope with gas of the
same mean pressure; these tensions are at first [zundchst; may mean
to the first order of magnitude] unaltered. However, the moments
which now appear cause & bending of the envelope, which we compute
independently. In the same way we shall devote a third section to
the influence of shearing stress on the shape of the envelope. And,
while for these three separate investigations we assume circular
cross section, we take up in a fourth section the influence of a devi-
at,ion1 of the cross section from circular form upon the bending of the
envelope.

DEFORMATION OF THE AmR-Firirp, WEIGHTLESS ENVELOPE.
FUNDAMENTAL LAW OF DISTRIBUTION OF TENSIONS.

The determination of the normal tensions is a consequence of the
relation between pressure, tension, and curvature of an element of
fabric, dF (fig. 64). Let ds;, ds, be its length and breadth messured
alone% the princéﬁal directions [parallel ana perpendicular to axis of
envelope], p,, p, the radii of curvature corresponding to these directions
d®,,d®, the angles subtended by the arcs ds,, ds, at their centers of
curvatures; the condition of equilibrium between pressure and ten-
sions is

pdoy dsy=20,8in 2 ds, + 2o,0in S dsy

now
0%, =da, 0%, =ds,
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N The sine of an infinitely small angle being equal to the angle, we
ave
0, d®,p,d®, = 0,d®, p,d®, + 7,dP,0,dP,
whence
Pep=0y'ptarp

This equation alone is not sufficient to determine either tension,
given the pressure; a second will be required. For example, if we
solve for o,

o, =Dpp, —%.ar, (Equation 6.)

&
If one tension vanishes, the other becomes a maximum:

c=pp (Equation 7.)

The same thi%lhappens when either radius becomes infinite, i. e.,
if the element d/'lies on the surface of a cylinder or cone.

(d

F1q. 64.—Relation between pressure, tensfons, Frg. 65.—The critioal shear streas.
aind CUIVRLUIS Of & B 106 GloTient.

APPLICATION TO THE COMPUTATION OF THE CRITICAL SHEARING STRESS.
[Interpolated at this point.}

Let m—n (fig. 85) be the direction of the fold appearing in a cylinder
as a result of torsion; perpendicular to this direction, the tension
g,=0. Hence we have the case of equation 7:

c=pp
¢ being the tension parallel to the direction m—n, compounded from
¢, and 7, acting across unit length to the direction of dz, viz.

s —— 1 1
a=351/ag+ﬂ=co—w-,/cg+e=w%
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The radius of curvature, p, of the arc m—n is simply the largest
radius of curvature of the ajllpse made by the intersection, with the
cylinder, of the plane cutting the cylinder at angle ¢ to the axis;
he magnitude of this, by a known formula, is

p=a*/ b )
where a=R/sing, [b=R
so that p=R/sin%p
gubstituting into equation (7), R
1

cosg Vot T =P

the solution of which is
?lc}=Rp

[as may be seen by drawing the right-angled triangle whose sides

are /o, D, [o,+ Rp, the angle adjacent to the first side being
qa.—M Note that surface being cylindric (cf. bottom p. 208),

a=Rp

Iz

F1@. 66.—Longitudinal tensfon in a Alled envelops.

then we obtain, as the (maximum) value of shearing stress, at which
folds make their appearance,

TIAZ =+ 0,0,

This equation is the one deduced on page 31 for an ideal network;
we now see that it is quite general and independent of the direction
of the threads, and would even be valid for a metal cylinder.

APPLICATION TO THE COMPUTATION OF THE TENSIONS IN THE
ENVELOPE.

The second equation required (cf. bottom p. 208) in compuﬁlﬁ the
tensions for & given internal pressure is obtained from ths condition
for equilibrium among the forces parallel to the axis (fig. 66):

~R*p,=2xR-0,-cos3, Y/ whence
0y =Pn {20088

1 pis apparently is mean pressure.—~Transl,
29165°—S. Doc. 123, 65-2——14



210 REPORT NATIONAL ADVISORY COMMITTEE FOR ARRONAUTICS.

& being the angle between the axis and the tangent to the envelope
at the cross section AB where o, is evaluated. If this angle is O,
which takes place at the cross-section of maximum diemeter, we have

oy=4pnR

t, being thus determined, we can find t, by means of equation 6, page
208. miere the radius of curvature pltis to be set eq%(}tl to e

P, =R-gecs
_PmR__R PmB_, (1 R )
9= cosd  D,coss 2coss <O\~ P, 2c08s

For a cylindrical or conical envelope, p,= o, hence

oy =20, =P, R'sect

In the case of the long and slender envelopes, designed so as to
minimize the air resistance, cos? is nearly unity and p, very great
in comparison to R, so that we obtain a sufficient approximation
by supposing it infinite: hence

0y =Pl o,=4pull  nearly.

It is true that & becomes larger near the ends of the envelope, but in
these regions the bending moments and shearing stresses are so small,
that the approximation remains satisfactory for the aim in question,
viz., the determination of the form of the elastica.

DETERMINATION OF THE INCREASE IN DIAMETER AND DECREASE IN
LENGTH.

From o, and o,, by using the normal characteristic, it is possible to
evaluate the lateral dilation Ad and longitudinal contraction Al

For the reasons explained in Test I, pggs

170-171, these values can be regarded only as first

approximations. However, by means of them

Lo we may compute the values to a second approx-

imation. We ascertain the actual tensions in the

doftdd) deformed state, and express them in terms of the

undeformed dimensions by

o'y =0, (1 +Ad)(1 —Al), ¢’y =0,(1 +Ad)?

and substituting these inte the normal charac-

Bua, O7First and second feristic, obtain a second, in every case sufficient,

shons, " approximation to the true lateral dilation and
longitudinal contraction.

If the envelope is made of transverse strips, the mean lateral tension
is, strictly speaking, diminished by the presence of the strengthening
seams, successive sfrips overlap by £% at the seam, o, should be
divided by the factor (100+)/100. The same holds for the longi-
tudinal tension if the strips are parallel to the axis, This correction
Iiﬁfa}j' gerIxErally be omitted because of its slight influence upon the

resuit.

(otra2)




F1a. 63.—Water-illed minfature. Photographed from polnt A (ses below).

F1g. 69,—Water-illed miniature. Photagraph from palnt B (see below).

210
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BexpmNG oF THE Gas-Froirep ENVELOPE.
THE NAVIER HYPOTHESIS.

In computi.ﬁthe bending of the envelope, we employ the methods
used in technical mechanics for the bending of a straight rod, loaded in
its central plane, of stve'mmetric cross section and variable moment of
inertia., e principle of these methods depends upon the Navier
hypothesis, viz, that plane cross sections remeain plane after the
bending is effected.
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In order to obfain an idea of the validity of the Navier hypothesis in
the case of bent balloon envelopes, & miniature model 20 em. in diame-
ter and about 150 em. long was constructed from the three-layer fabrie
G; aircles were drawn upon its surface, marking out the cross sections,
while it lay flat and was filled only with eir so that it was practicall
undeformed; it weas then suspended in the middle and g]led witi
water, acquiring thus a considerable flexion. (Figs. 68-69.) The
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pressure of the water was so adjusted that the lateral and longitudinal
tensions were equal to those in & nonrigid balloon of ordinary size;
the bending stresses, however, were decidedly greater, because the
suspension was applied only over a short portion of the model in the
center.

The model remained in the loaded state for three weeks, nearly
resching & permanent value of the deformation.

The cross sections were examined by sighting along the margin of
a stmi%hted e. Deviation from the plane would be expected near
the ends, if anywhere, but could not be detected at either end.
Shight deviations, appearing irregularly and of variable sign, are to
be ascribed to errors in reproducing the cross sections in the drawings,
which were made by hand.

From a single photograph it is not possible to determine rigor-
ously whether any cross section is absolutely flat, except in the case
of the cross section lying in the plane normal to the axis and passing
through the center of the camera lens; this cross section, if plane, is
projected as a line in the photograph, the others as ellipses. In order
to carry out the verification for all cross sections, it is desirable to
combine two photographs stereoscopically. This 1s shown in figures
70-71.

The model is suspended with its center over the center of a rec-
tangle X Y VU and the camera placed at A 1n the prolonga.tion of
Y)% and then at B, equally far out in the prolongation of V'U. The
two photographs (ﬁgﬁ.} 68 and 69) are to be imagined as superposed
in figure 70 (top). eir central points A and B (i e., those imme-
diately behind the center of the lens during the taking of the photo-

raphs) are essily found by exami the images of the rectanﬁe
%I V Uin the photographs. For, in the lower part of figure 70 (the
balloon and rectangle seen looking down from above), let us project
theimagesin the image planes b5 upon the object plane (Objektebene)
represented by the line U, X in the lower diagram of ﬁ?re 70 and
by the plane of the paper in the upper diagram. Xg, Xy, etc., are
then the projections in the object plane of the images of X on the
two photographs. Now the intersecfion of the lines X,¥, and
U,V, is at the central point of the photograph from position 4, as
just defined (i. e., lines parallel to the line drawn from the center of
the lens to the central point meet at infinity in the direction of the
central point), o

If P is a point of the object, its images on the photographs will be
found at P, and Py If now, on the superposed photographs (top,
ﬁ%. 70) we draw the lines AP, and BP;, they intersect at the point
where the image of P is to be located in the desired parallel projec-
tion. Since these lines nﬁi.fy, and in general will, intersect at & small
angle, it is desirable to shiit the points Py, Py by the same amount ¢
along parallel lines, to locate the image of P once more in. the same
manner, and then to verify the original location by drawing the line
illﬁ'm t}ém image parallel fo the direction PgP’;, which should pass

ough. 1t.

The two photographs, figures 68-69, were treated in this way. In
order to make the highest and lowest points on the circumference
clearly visible, bits of paper were attached at the top and bottom of
the model, at each of the marked cross sections. order to make
the drawings sufficiently accurate, the original plates themselves
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F1a. 7T1.—Investigation of the flainess of the cross sections by means
of figures 6869, o
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(13 by 18 cm.) were replaced by magnifications, in which the diameter
of the model appeared as 60 mm. ces of both were made upon 2
Bi.ngle sheet (fig. 71}, the photograph from point A in continuous
and that from point B in dotted curves. The process, the result of
which is represented in figure 71 for two cross sections, gave the same
result as bﬁe observations with the straightedge. No deviation in
either direction from the plane was o be observed with the magnifi-
cation employed.

It therefore appears permissible to assume the validity of the
Navier hypothesis in the case of balloon envelopes.

THE BENDING MOMENTS.

Theﬁrststeﬁin computing the bending is the plotting of the moments
acting upon the envelope in the form of a curve of moments.

If, for every point along the length of the envelo%e, we subtract
the weight from the lift, we obtain the load curve, and from this, in the
known way, by double integration, first the shear curve and then the
curve of moments. In addition to these moments of the vertical
forces we have two others (cf. p. 207), viz, the moment due to the
pressure and that duse to the suspension (Zakelung)

F1a, T2, —Moment of the gas pressure.

The first of these is due to the fact that the tﬁressure at a perpen-
dicular distance y from the central plane of the envelope is equal
to the pressure in the central plane, p,, plus the quantity Ay; the
moment is therefore equal to

R
%—2fa.y.dF.y-=ngy.2ry.dy
0
For circular cross section, z=+Ri—¢?

and M= fpyRP—p dy o '
integrjgaﬁng ngl"hlch: f(g- the indefinite integral,

J PV dy =" arcsin §+ /(L - ).
and introducing the limits of integration,
M,=grBA

The moment of suspension (Takelungsmoment) for a cross section

AB will be defined, fcﬁlowing page 207, as the moment of the forces

due to the suspension and acting parallel to the axis. Let I' be
the force applied by means of a rope to the girdle at P, H the hori-
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zontal component of T, the distance of P from the neutral filament;
then the (finite) contribution of the rope at P to the moment of
suspension is A Mr=H. ¢, and the total moment of suspension at AB
ifg Z?BH - ¢, the summation extending from the end of the girdle as
ar as AB.

If there are a large number of ropes attached to the girdle at vari-
ous points, or if instead of ropes there is & continuous band of fabric,
the finite increment A My is to be :

replaced by the differential dM, 17

and M becomes an integral. We

may first graph the horizontal com- |
ponent of the force due to the sus- P e
pension as a function of P, multiply g

the value at each point by the cor-

responding value of ¢, and by in-

tegration obtain the curve of the ¥15. T3.—Moment of suspension.
moment of suspension.
While the moments due to the vertically hanging loads in general
bend the ends of the envelope upward, the gas pressure and the sus-
ension tend to produce the opposite effect; it is therefore the dif-
erence between the two sets of moments that determines the amount
of the bending.

THE BENDING TENSIONS.

The bending tensions produced by the bending moments, which
may be positive or negative, are su%erposed upon the longitudinal
tension of the air-filled envelope, which is always positive. are
related to the moments by the equation (cf. fig. 74)

Mb '=f8' ' ds

The development of this integral is most mm;;lgr carried out under
the assumption that Hooke’s law holds, i. e., that the modulus of
o elasticity, £, expressed for fabries in
ds =% kilograms per meter, is the same for

e every point on the circumference. This

condition, as we saw from the normal

A\ ¥ characteristic, is not in general fulfilled.
Yet the error which we make in assum-
ing it is not inadmissibly t, &mﬁded
that we evaluate E, which is the slope
of the extension curve, at the proper
iﬁi’. &I;S the mnormal characteristic.

i i3 provision we may continue

¥ra. 74—Bending tansion. the development of the above equation
as is done in the construction of machinery:

1

Mb=R'5m-fy’d8-§-- am

hence
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J is proportional to the moment of inertia of & curve, in this case that
of a circle about its diameter; this i & consequence of the fact that
the tension is measured per unit breadth of the fabric and has
nothing to do with the area of the cross section. In this case it is
equal to #R*. Hence we have, for the bending tension in the ex-
treme filament,

8 maz = + Mb / 1I'R 2

If the envelope is built up out of longitudinal strips, the moment, of
inertia oJ is greater than «7® bil an amount due to the strengthenin%
effect of the seams and depending on the amount of overlapping o
adjacent strips (cf. p. 210). In practice this correction amounts to
3 to 6 per cent and somewhat more at the ends, according to the way
in which the strips are cut.

THE FORM OF THE LINE OF CENTROIDS.
The equation of the line of centroids is

d’y l‘{b
o BT (Equation 8.)

As previously indicated, E is constant over & given cross section, but-
not over the entire envelope. For each cross section we must, find
the value of E, which on the normal characteristic corresponds to the
values s' and s* of the normal tensions prevailing on that cross sec-
tion. In the case of the longitudinal tension regard must be paid to
the diminution of this produced by the suspension, which may alter
considerably the corresponding value of E. This phenomenon should
strictly be considered in evaluating the dilation and the longitudinal
confraction of the air-filled envelope; in practice, however, it is
permissible to ignore it until the evaluation of E is reached.

Since E is now determined and the other two factors J and M,
are also determined, the curve of ﬁg&lation 8 can be plotted and the
form of the line of autroids established by two consecutive integra~
tions.

Tar SEEARING OF THE Gas-FrLrep ExveLOPE.

In the construction of machinery, it-is customary, in treating the
case of beams of which the length stands in a certain ratio to the
width, to neglect the deformation due to shearing forces. This is dot
permissiblein the case of balloon envelopes; the deformation due to
the shearing stresses is a considerable part of the total deformation.

THE DISTRIBUTION OF SHEARING STRESSES OVER THE CIROUMFERENCE.

The condition of equilibrium among the bending and shearing
stresses acting upon the area element of the envelope which is cross-
hatched in figure 75, may be written:

2rdl=fds.ds

where ds=dy;}£’ =f—{d. M, d My =V-dl
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and V is the “‘shearing force” at the cross section in question. Sub-
stituting,

rm g fydsmsy S
the quantity 8 is given by

S =fyds =Rf1/E,I:—y,dy=2R1/?—y’—2R’ sinec

and hence 7 by
£ RA. sing =5, sina (Equation 9.)
P - =R q )
attaining therefore its maximum value in the central horizontal
lane, °
s r _ ¥
maz = ¥}

The same result may be reached in another way. In figure 76,
let m~m and n—n represent two cross sections sesfrated by the

short distance dl; imagine the former displaced parallel to its plane
L=
! £
; =X
M Iy
o Y 4 IR
N G
Ly
EII 3
4
4

F1a. 75.—Relatlon between hending moment and shearing stress,

through a distance y.d\ by a shearing force V, this displacement
being measured relatively to the cross section n~n and at the center
of m-m; if we neglect the small complications introduced by the
simultaneously arising bending tensions, the displacement oi any
%oi.ntP on m—m will be equal to the same amount, vdl. For & point

, the radius to which from the axis makes an angle « with the
verfical plane, this displacement has a radial component, y'dl*cosa,
and a fangential component, y'dl'sina. Only the latter of these
produces & shearing stress in the fabric itself. Since vdl is a con-
stent, the shearing stress must be proportional to sina:

T= rm‘sina

The shearing force exerted across an element of arc ds, perpendicular
to the axis, is r'ds; this contributes & component ’

rds 8ina = T, de sin’a
to the total shearing force V, which is therefore equal to
V=rtmaxfoin?a ds =ryq. f3ina dy
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Now gina =z/R,

s -

Theintegral is simply the area »R? of the circle shown in figure 76.
Hence V=rnee*R; Tmae= V/TR

as above.

These two methods lead to the same result only when the cross
section is circular. The agreement is, in a sense, a confirmation of
the observations made on the miniature halloon ‘(:g 58) verifyin%the
Navier hypothesis. The assertion is, that the change in the shape
of the cross section ordinarily produced when a rod is bent does not
occur when the cross section is circular.

T

N

a\>
T—-u%—f—r l
N {___{dl
<

1%

F16, 76,—Shesaring stresses over the circumference of & cylinder,

The reasoning just developed in connection with figure 76 is also
valid if the cross section m—m is taken in a conical portion of the
hull. For, if each point P of the cross section {cf. fig. 77}, is dis-
placed vertically by an amount y'dl, the tangential component of this
shear will as before be equel to y'dl'sina, so that the dependence of
shearing stress on a will be the same es for the cylinder. Since the
circumference has as before the value 2xR, the absolute value of 7 will
be equal to that at the corresponding point of the circumference of &
cylinder. The only difference between this case and that of the cylin-
der is, that to a distance df measured along the axis of the envelope
corresponds & breadth of fabric equal, not to di, but to dl/coss. so that
a given shearing stress produces a displacement of the cross section
S'eater in the ratio 1: cosd. This influence is, however, sufficientl

ight to be negligible, as when we were computing ¢, and o, (p.210).



BEPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS. 219

THE FORM OF THE CURVE OF SHEAR.
The angle v, serving as a measure of the distortion of the axis due

to shear, is given by
_r_ V8 (Equation 10.)
YT@T2eT
if the cross section is circular, by

v
Y =Z;‘A'E'

The modulus of shear is to be ascertained from the shear character-

istie, separately for each cross section, as in the case of the modulus

E. Wo can then plot v as a curve, and by once integrating this

curve, obtain the form of the elastica as it would be if only the shear

F1a, T7.—Bhearing stresses over the circnmferencs of a cone,

were acting—what sbove was called the “curve of shear.” The
equation of this curve has the simple form,

&

1

. Aiygebraic addition of the deformations produced by bending and
y

ear sgﬁm.ra.tely gives the actual deformation of the envelope,
and hence the basis necessary for correeting it.

TeE SEAPE oF THE CROSS SECTION OF TEE ENVELOPE.

The computations just given depended upon two hypotheses,
corresponding to the assumed condition in which the envelope was
filled with air, viz, 1, that the radius of curvature, and, 2, that the Iateral
tension, are uniform over the entire circumference of each each cross
section. The first of these suppositions made it possible to simplif
the computations, the second made it permissible to assume & smg]z
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value of the modulus of elasticity and a single value of the modulus
of shear for the entire cross section. -

As a matter of fact, neither sl.:‘gposition is quite fulfilled. There
are some cross sections for which the first is true, and others in which
the second is fulfilled, but none in which both are valid. The reason
is, that the pressure varies as we go from below upwards, while the
suspension tends to produce constrictions; the result is, that the cross
section becomes oval, the longer axis being as a rule vertical. The
influence of this phenomenon upon the line of centroids is indirect,
being due to the fact that an envelope of oval cross section opposes
to bending and shearinﬁ forces a resistance which is different from
and in general greater than, that presented by a cylindrical envelope!

THE FOROCES ACTING ON THE CROSS SECTION.

In the Deuische Zeitschrift filr Luftsch&%ﬂbﬁrt (1912, p. 322), the
shape of the cross section is investigated by Prof. M. Weber, of
Hanover, with especial reference to Ritter's Ingenieurmechanik
(Hanover, 1876). His workrelates to a special case, that in which the
Lft-and the weight are equal and opposite for each cross section indi-
vidually, so that neither shearing stresses nor bending stresses arise.
Thiins the case only for a few particular cross sections of an actual
envelope. .

Thepgenera.l case is depiected in figure 78: We consider a ring or
annulus of fabric, of unit breadth, situated at an arbitrary point of
the envelope. U’pon it act the foliowing ‘‘external” forces:

1. Theinternal pressure, p, measured in kilograms per square meter.

2. The weight of the fabric itself, per unit area, measured in kilo-
grams per square meter. )
T3. g e force exerted by the suspension, T, having components T,

2 La

4. The longitudinal tension e,.

5. The shearing stresses v and r,.

We are concerned only with the forces which exert a direct influence
upon the lateral tension and upon the shape of the cross section.
ansequentl we drop, first of all, the axial component 7, of the
force exerted by the suspension, and denote the resultant of 7} and
T, by I. The weight suspencied directly from the cross section
@, will be equal to 27,. Similarly, we neglect the longitudina
tension o, for it has no effect whatever for cylindrical or conical
envelopes and only a very slight effect when the fabric has curvatures
differing from zero for two perpendicular directions (dogpdt ewdlht;
i. e. neither radius of curvature infinite, as in the case of a cylinder).
Furthermore, we drop the individual shearing stresses r, and m,,
which are oppositely directed and in general different in magnitude,
and insert the difference between the two, r,—r; (neglecting the
moment of the pair); this difference we call the shearing stress = in
the ring itself, and the total resultilﬁforce we designate by the letter
V and call the shearing force upon the ring. The notation originally
employed for the absolute velue of the shearing stress and shearing
force is thus transferred, to the finite increments of these quantities.

Finally, it is possible to sim]¥1ifay the expression for the effect of
the weight of the envelope itself, G'z; this weight in practice amounts
to 10 or 20 per cent of the lift A*F. The weight per unit area, ¢, is
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resolved into a radial component gcosa sand a tangential component
g#ina. The former is oppositely g;.rec ted to the internal pressure at
every point on the upper half of the envelope, and directed in the same
sense as the int pressure at every point on the Jower half. lis
magnitude, being proportionel to cose, is a linear function of the
vertical coordinate in the envelope when the cross section is circular,
and nearly linear when the cross section is oval. If we plot the
vertical coordinate as ordinate and the pressure as abscissa (fig. 78,

ight-hand side), and then augment each abscissa by the corresponding
lx;lzlue of gcosa, We obtain a straight line, dotted in figure 78. The
result is the same as if the original lift 4 were diminished by an

=V i —g -

i |

o

&
iN
Sy

L)

Y
F1a. 78.—Forces acting on the cross section of the envelope,

amount g/E, where R is the radius of the circle or (if the cross section
is not quite circular) a mean radius; i. s, as if the lift A were replaced
by a liftt A’, where

A
Al=A—3

The total lift or upward force upon the cross section F is therefore
A" Fo A F—frBt= A F—grR=A'F—§Gx

As could have been foreseen, the integral of the radial component
g ds'cosa, taken over the entire circumference, is equal to one-half
the total weight of the ring.

The other half of (Fz is accounted for by the tangential comfonent.
This conzgonent is proportional to the sine of «; it therefore depends
on ¢ in the same way as does the shearing stress r, and its integral
corresponds to V. 1t may therefore be combined with the shearing
stress, the sum being & quantity proportionel to sina, and the integral
of the sum bei :

VimV—4Gn.
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The sign of V is so chosen that V is positive when directed upward,
as is the lift 4" F.
The weight of the envelope may therefore be allowed for in com-
uting the shape of the eross section by subtracting one-half of it
rom the lift and the other half from the shearing force. The original

Q+Gs=A.F+V
equation is therefore replaced by the new equation:
Q=A4"F+V

Hereafter, the grimes will be omitted and the “reduced” wvalues
A’, V', v’ will be designated by the symbols 4, V, =.

Q@

Y
P16, 79, —Foroes acting on the cross section, as slmplified in adjoined text,

Figure 78 may now be replaced by the simdpler figure 79, in which
only the pressure, the shearing stresses, and the suspension forces
appear. Three cases are to be distinguished:

1. No weights suspended directly from the cross section; the
entire lif; must be balanced by shearing stresses having a downward

resultant,
Q=0. A.F=-7.

2. The weight exactly equal to the Lift,
Q=AF. V=0.

3. The weight either less than or greater than the lift; the differ-
ence must be balanced by shearing stresses with downward or up-
ward resultant. This is the general case.

FIRST CASE: SUSPENDED WEIGHT EQUAL TO ZERO.

The first case is that of the cross sections near the ends of the
envelope, except those at which the rudder or steering planes are at-
tached. Let us first suppose that the cross section is, and remains,
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circular, and upon this assumption compute the radius of curvature p
from the pressure p and the stresses o and . If p comes out equal {o
R, the assumption will have been justified. In what follows, é rep-
resents the Iatersl temsion ay, o, La.vmg been omitted for reasons
previously explained.

The general equation for shearing stresses in a circular cross
section 1s equ. 9, p. 217, viz,

T ='m- 8inﬂ
In th? present case the shearing force V upon the ring is equal {o
the lift:

V=A.xR?

r=A.R.sina

This stress is directed downwards. It is superposed upon the
Iateral tension ¢, in such a manner that the total lateral stress, o,

hence

.3

n

F1g. 80.—Relation between Iateral tensfon and shearing stress, sus-
pended welght zero,

increases steadily from the bottom to the top, passing through a
mean value ¢,; at the center:

g=gpt+ fr.ds
Here ds=dy/sina, so thet f r.dg= fA_R.dy. Hence
T=0pnt+ fAR.dy =o,+ ARy

so that the laters] tension « is a hnear funetion of the vertical eo-
ordinate. The extreme velues are: At the fop, ¢,=on+AR?; at
the bottom, oy,=0x—AR. The value at the center is the arith-
metic mean of these two,

om="%(co+0y)-
The condition for equilibrium among the forces parallel to the axis is
oo+ oy=2R"pp

c=pnR ARy =R(pr+A4y)-

whence
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The radius of curvature is then, by equation 7 (p. 208), equal to

P pmrdy T
so that, in accordance with our assumption, all cross sections of the
envelope to which weights are not directly suspended remain cir-

cular.
SEOOND CASE: WEIGHT EQUAL TO LIFT.

The deduction due to Ritter and quoted by Weber, in which the
lateral tension is constant over the circumference, is here applicable.
For the sake of completeness, the essential part of this deduction is
here introduced.

fo

!.

F
l
|

F1a. 81.—Shape of the oross section when weight and Uft are equal.

EQUATIONS INVOLVING LATERAL TENSION AND RADIUS OF CURVATURE.

In figure 81 the cross section is represented in a Cartesian coordi-
nate system, the gas pressure being zero at all points of the z—axis.
The lateral tension, ¢, at any point P, may be resolved into comgg-
nents V and H, the magnitudes of which are to be found from the
conditions of equilibrium for the element of fabric OP:

Ay, +A A
V=fpdo=A:fyds, =, Yo— 92 2L ma,— (5, ~4")-

The ratio of V to H is the slope of the tangent to the cross section in
the vertical plane; since the height, v, diminishes as z increases, the

sign must be reversed:
d 14
tan U.='a¥== —H-

[Uo—% (% —y’)E%= —Af'ydz-

whence:
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The mathematical development of this equation is carried out in
order o obtain an expression for the radius of curvature p; according

to Ritter, it is as follows:
Differentiating both sides, we have

o5t [+ 0-50-2va |- Ayax

[fo_%(yoz_y’)[%'l‘A % =—Ay

d ]
%“ _i _ﬂ;t; z(_%,)r—, (Equation 11.)

Substituting dy/dz=1u, this equation becomes

du_ —A-y-(i+w)
dz o'o—'iA(yoz_ %)

Multiplying the left-hand side with 2u-dz, the right-hand side with
&ese E)

whence

2dy, eing equal by virtue of the sbove substitution:
o =AY QY
Oo 3 (ya’ _y:)
dividing by (1+4?)
ding by Qudu_  —24ydy |
2
14 %_%(yo,_y,)

Now we have on each side a fraction, of which the numerator is the
differential of the denominator; integrating

log(1 +v?) = —2-loglo, — (g} —¢) ]+ C-
At the highest point, 0, we have u=0 and y=y,. Hence
log 1=—2log(s,—0)+C, or

(=2 log o,

hence
log (1-+u) = —2 log [r,— 2 (4 —y]+2 log o,
whence
%o
) =

L+ er.;—%(yo’—y’)T

or

o

A
vo—§(ya’—y’)—m' : cem e
29165°—8, Doc. 123, 65-2——15 :
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Substituting these values into equation 11, above, we get

Fy_ —Ay A+ yTEe,
dz’

Ta

By virtue of the trigonometric formula

1
Vitw=q1l4tanta™ o

g°=31_—_Al_

d_agws'oc ..

we obtain

We now have the following genersl relation between the radius of
curvature p and the angle « (cf. fig. 82):

pde=ds= g}%
Furthermore,
de
d(tan a.) == m
hence, substituting above,
p.d(tan a) cos?e = p%;l'cos’a - ‘g—:;
whence z
1 .
"—’ - 08% R%

and substituting this into the second equation on p. 226:
Oom— Ay p=—pp

From equaétion (7), p. 208, we have in general ¢=p‘p, hence o= — =
constant.
The same procedure is applicable to points P, on the lower half of
the circumference and leads to the same result. Dropping the nega-
tive sign, we obtain for the absolute value of the radius of curvature,

=T Ay y
which is the equation of an equilateral hyperbola (fig. 81). At points
Z, where the guspension is a.(il;'gaflched, thng'}: are disﬁc%nti.nuities gf the
megnitude

oL AF ___F _ povationi2,)

P=h Pe ZsineAy, Znney, ™ ’

Suppose the points Z to be moved downward, i. e., the tfrdle to be
atteched lower down on the surface of the envelope; in the limit the
points Z reach the bottom, and we have a load a.ppiied at one sin&}e
point, viz, the lowest point of the cross section. In this cese the

radii of curvature for the entire circumference are represented by &
single equilateral hyperbola.,




BEPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICE. 92927

The result to which the above reasoning leads, viz, that the lateral
tension ¢ is uniform over the entire circumference, was indicated by
the conclusion reached in the previous case ‘%180 load). For there
we found that the veriations an ¢ were duse to the shearing stresses r;
but these stresses vanish in the present case, the lateral tension bein
balanced at every point by the internal pressure, which is directe§
s;errgendicularly to the fabric. Consequently ¢ can vary only in

irection, not in magnitude.

THE PRACTICAL DETERMINATION O¥ TEE SHAFPE OF TEE CROSS SECTION.

The equations just deduced do not completely determine the radii
of curvature in absolute magnitude for given values of pressure and
circumference, the value of the constant
not being fixed so far. We may proceed
Ig‘ assigning successive arbi: values of

and plotting the correspon hyper-
bol® p'y=C, and then determining from
these the corresponding values of pressure
and circumference. These values may be
plotted as curves, from whieh the shape of
cross section corresponding to given data
may be ascertained yinm?ola.tiom

his method is depicted in figure 83. :
'We begin with the limiting case, In which ¥w. 52— Relation between s and .
the Ioad is applied at the lowest point.
The hyperbole plotted in the figure ere those for which p,=1,
Y,=6.25, and p,=1, ¥,=3.71, respectively. An approximation to
the actual shape of the circumference is obtained by drawing arcs of
circles of the properradii. The e a is likewise introduced for pur-

poses of contréle. Itisde i algebraically (fig. 81) as follows:
co8 a=g——9—L—£c _A(o_"’— )
o ]

where ag =AY, 0, po, S0 that

co8 a= i _u
Yobo

If @ is positive for points on the envelope above the center, the
sifn is to be reversed for points below. us, for the lowest point
of the cross section shown on the left corner of f{gtme 83, we have

3 _ 3
cos oy =3T=0NE 4 o780,

In this manner we obtain a family of cross sections, apparently
corresponding to various values of the internal rBhressure but to conly
2 singi)e value of the curvature at the top. e family, however
represents all possible cases; for all cases in which ¥,/y,, and, there-
fore, p./p,, have the same value, give similar shapes for the eross
section, 1. e,, shapes deviating in the same way from the circle. The
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'gj;illue of the ratio p,/p, varies in practice from one-third to two-
irds

The deviation from the circle is given with sufficient exactitude
for practical work by the ratios of the height H and the breadth B
to the diameter D of a circle of equal perimeter, together with the
value ay of the angle a at the lowest point. These thres quantities
were determined from the cross sections plotted by the method just
described—four in all—and are graphed in Ere 84 (upper part)
as functions of the ratio -5,,/&, n the same figure are grapheg the
ratio of the radius p, to D, the ratio of p, to I, and the ratio of the
“elevation of the back’ y,—¥,, to D,

The ratio of pressures p,/p, is chosen as abscissa, because the value
of this ratio corresponding to any proposed values of diameter and
internal pressure may he found immediately, so that it is easy to
asce(.lrﬁain the shape of cross section corresponding to the proposed
+ conditions,

yae [“'

A/
’ \‘_!___/ > Z - —

e
1§
3 <
§7F %

|
M“ma-.-qm \,_/IP‘ i"vlm’

Fig, 83.

The shape of cross section in the case where the suspension is
attached higher up on the envelope can be deduced from the limit
case just discussed. To every mode of sus;ensmn (Ta-kelufn%
corresponds & value of the ‘‘suspension ratio’ (Zakelungsverkdltnis),
denoted by % and defined as the ratio of the length of the curve
OZU to that of the curve-plus-straight-line OZL. (Fig. 81.) .

When the load @ is applied at the lowest point, u=1. In the other
exfreme case, viz, that in which the suspension is attached at the
two ends of the greatest horizontal breedth of the envelope and the
directions of the two forces applied at these points intersect at
infinity, w=0. All the possible cases lie between these two extremes.

In e 83 we see the shape of cross section for the case in which
the ratio of suspension (Umfangsverhilinis, here doubtless meant for
Takelungsverhdlinis) is taken equal to 0.733. The upper half of the
envelope has the same shape as in the previous case where u=1,
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since it corresponds to the same hyperbola as before (e. g., to that
for which p,=1, 9,=3.71, in the lower hal of fig. 83). We next
make a provisional estimate of the positions of the points Z, U,
and L, and verify it as follows: The area 4¥ comprised within the
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¥1a. 84.~Coefficients of cross section as functions of pressure and suspension ratfo.

curve O MZ UO, of which the part above Z is known and the part
below Z is so far only guessed, is measured with the planimeter,
the sine of the ¢ (for which & provisional value has likewise
been assumed) is determined, and so also i3 the height v, which in
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this case is equal to 1.868. From these three date we find, by
means of equation (12}, Fage 226, the value of the difference p—gp,
between the two radii of curvature at the point of discontinyity Z.
This gives the second hyperbola; from this we plot the curve for the
lower part of the cross section, and find out by comparison whether
it agrees with the curve assumed. (As a rule, two corrections are
sufficient to make the agreement satisfactory.)

The ¢‘coefficients of the cross section,” viz, the angle and the five
ratios defined on (?a.ge 228, are then redetermined for the value u=
0.733, and plotted as functions of p./p, in figure 84 (center); note
that the angle a, is here replaced by the angle e. As seventh co-
efficient there is introduced the ratio of the vertical distance from
Z to the top of the envelope, to the quantity D previously defined;
this distance is denoted by ¥o—¥a.

The second limiting case, that in which #=0, is also shown in
figures 83-84. It now becomes possible to graph the coefficients as
functions of the two variables, pressure and the shs;lxension ratio,
simultaneously, i. e., as surfaces in three-dimensional coordinates.

44

Fi1a. 85.—Height and breadth of cross seotlon as funcilons of pressure and suspension ratio.

The surfaces representing the deviation of the height and the breadth
from the values they would have if the cross section were circular
are shown in figure 85. It is obvious that the greater the pressure,
and the higher up the points at which the suspension is attached,
the less is the deviation from the circle.

THIRD CASE: LOAD GREATER OR S8MALLER THAN LIFT.

This is the most general case. It is compared with the special
cases I and II in figure 86, representing the lateral tension and the
radius of curvature as functions of the vertical coordinate. In case I,
the radius is constant, and the tension increases uniformly from the
bottom upward, proportionally to the pressure. In case II, the
tension is constant over the back (. e. above the girdle) and constant
over the belly (below thgfirdle) , while the variation of the radius is
determined by the equilateral hyperbols. In case ITf we dis-
tui%uish between IIIa, in which the load @ is less than A-F, and
IIIb, in which it is greater than 4. F. In the former case, the tension
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attains its maximum at the top and its minimum at the bottom;
in the latter, it attains its maximum just above and its minimum
just below the girdle; and in neither case is it a linear function of
the vertical coordinates. The curve representing the radii of curya-
ture is made up of two arcs, which in ITla lie between the hyperbols
of I and IT, and in ITEb lie beyond that of IL; these arcs are not
themselves hyperbols.

1t is clear that case ITI can nat be treated in any simple way. It
would appear best to ema]jloy a method of successive approximations,
by malang a provisional assumption as to the shape of the cross
section; it 1s to be expected from case I1 that the curves forming the
cross section will be very similar to arcs of hyperbols®—and then

[
Yension ¢ 6 nadios | .
Z
Ly I, ’I
J/:9%
B simultaneous.
hyperbola
”)—— - - T . -
L.

F16, 36.—Tension and radius of curvature as fanctions of the vertical coordinates. (Cuses I, IT, JIL)

e provisional assumption as to the distribution of shearing stresses
(p. 217}, which depends on the difference (Q —AF'); the value of the
internal pressure being given, we may compute the latersl tension
¢ at each point of the circumference, and finally the radius of curva-
ture ¢. If the values of p so computed agree exactly with the assumed
values, the assumed shape of cross section was corract; otherwise, the
closeness of the agreement indicates the approach to correctness of
the assumptions, and may be used to guide &a process of second ap-
proximation. This rocedure, however, is very circumstantial and
tedious, and, as will be seen in the next section, may be evaded by
an, interpolation scheme.

INFLUENCE OF THE SHAPE OF CROSS SECTION ON BENDING AND SHEAR.

The purpose of our investigation of the shape of cross section was,
to correct our previous computations of bending and shear. The
influence on the bending is due to the change of the moment of
inertia J, in the equation &y -

2?'% (Equation 8, p. 216.)
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the influence on the shear is due directly to the change in J/8§ in the
equation,

-yn-g % : (Equation 10, p. 219.)

where S represents the moment of half the circumference, with
respect to the horizontal axis t.hrou.%h the center of the cross section.
e values of J and S may be determined graphically from the
shepe of the cross section (fig. 83) precisely as were the ight and
breadth (H, B), and may be plotted as functions of two variables,
pressure and suspension ratio. This is done in figure 87. The two
surfaces represent the percentage change in J and in J/S, their
values for circular cross sections being taken as unity; they give
:n%i)og idea of the influence of the shape of cross section on bending
shear, :

a7

~1/

o 2

q& Qqr af ar 7 0 @r ar ae ar 7

Fi6. 87,—Bending and shear as funotions of pressure and suspension ratio,

PRACTICAL APPLICATION OF THE COMPUTATIONS OF BENDING AND
SHEAR.

As a rule, a balloon has only one value of the suspension ratio u,
this value being determined by the distance of the car from the envel-
ope. Consequently, it isnecessary to take only a single curve from the
surfaces of e 87. On the other hand, it is desirable to know, for
any given value of u, the influence not only of the ratio of pressures

u/Po but also of the “ratio of loads” Q/AF. An idea of the last may
ge gathered from the two following points:

1. If 8;AF=0 (first case) AJ an% A(J/S) are zero.

2. If =1 (second case} AJ and A(J/S) are given by figure 87.

3. In the third place, if the load is increased in, eﬁmtel(fr the cross-
section will contract into a vertical line of length =R, and J and J/S
will approach asymptotically to definite limits.

Consequentl{, if we plot the quantities AJ and A(J/S) as functions
of the ratio of loads, z=Q/AF, the two curves have these character-
istics: they pass through the origin z=0:3f(=0, thr u.ih a known
E‘?J:]ft$= 1,y=>5, and appmachasymdptotic y the straiﬁ t line y=a.

thermore, it is certain that J and S are monotonically increasing
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functions of Q. Hence, if we draw through the two known points
and onward toward the esympfote & curve which is everywhere
concave downward and rising, without points of inflexion, this curve
will be a close approximation to the actual curve, especia.ﬁy a8 values
of the variable z as great as or greater than 3 are hardly ever attained
in practice. The simplest equation for such a function is

__ abz
4 (@—0) +bz
which may be interpreted as follows: The straight line which has the
equation
. abz
y=bao= @D+
is deflected downward by the introduction into the last term of the

denominator of the factor », and approaches the asymptote y=ag as ¢
increases indefinitely. -

i
r %"
g
F1a. 88.—Method for Interpolating for the co- Fia. 89.—Limi
emdgnhormslmﬂolg.x otmsecélo%‘tzrha&g

finitely great load.

This simple assumption ensables us to escape the tedious scheme of
successive approximations explained on page 231. The limiting
values of J and J/S are determined as follows (cf. fig. 89):

+zR
2
Imaz=J2.4*.dy ==*R*
6

xR

2

Since the moment of inertia of the circle, J,, is equal to xR?, the
quentity J g, is equal to

Jm'%z’Ju'_":l-G%'Jc
maximum AJ =64.5%
=R

3 .
o z
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hence P
2
M.
S.—3E
while for the circular cross section we have (p. 66)
hence
Jm 4 Jo JQ

m - é-s;o -1 .333-5:,

(Ag)m=33.33%

These are the limiting values by the aid of which the functions y
(p. 233) are to be computed; the computation is made for the value
%=0.733 and for various values of the ratio p./p,, and the curves

¥

{ausymptotelat 64,592) (asymploteat 33,3%)
d 47 {oe Ui=gnxr #
|
1 i 4% foaz =g
*” / = t /
v o0
» / ” ; [ ,4
]
s /Ar - ) % —
I ZIR Y = =
7 F J ¥ L 4 J KN

Flg. 90,—~Change in J and J/8 to be used fn correcting computations of banding and shear.

so computed are shown in figure 90. These curves give directly the
corrections to be applied for various values of the pressure and the
load, and are adapted for immediate practical use.

D. SPECIMEN COMPUTATION OF THE DEFORMATION OF AN ENVELOPE.

The following specimen computation is intended to serve the con-
structor as & concise summaxc'[y of the individual computations neces-
sary to determine beforehand the deformation to be cted with a
given envelope (the theory of the last section being always presup-
posed), these being arranged in what is the most practical and con-
venient order. At certain %2;195 it will enable him to judge to what
extent it is permissible for him to simplify the procedure, consider-
ing the accuracy of the dats at his command. Thisbeing the purpose
of the present specimen, it is made general enough to include all the
separate computations heretofore explained, but otherwise as simple
ag posgible.
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It is required, to ascertain the deformation of & nonrigid balloon of
12 meters ¢ (symbol used in the original; probably meens diameter.—
Transl.) and 80 meters len%th there being no load except the envelope
itself and the car (i. e. no oonets, rudders, ropes (Fesselung) ete.).
The car is suspended from two straight bands 40 meters lon% (Take-
lungsgqurte) (cf. fig. 92); the individual forces (i. e. presumably those
exerted along the individual ropes) ere all equal and uniformly dis-
tributed along the length of the belt (cf. fig. 78) and their directions
prolonged backward, intersect in one point A for the forces a.pplieci
to one belt, and in one point B for the forces applied to the other.
These points A and B appear in the cross-section diegram shown in
figure 92; in the longitugmal-section diagram of the same figure one
is directly behind the other at C. The suspension ratio is put equal
to 0.733; the Iift A to ! kilogram per cubic meter; the mean pressure
? to 30 millimeters of water; the weight of as quare meter of the

ebric to 0.5, the fabric being supf)o to be diagonal doubled and
to be attached to the envelope in longitudinal strips.

The following data are supposed to be known: The normal char-
acteristic of fabric F of the table (cf. fig. b4, cﬁ 197}, and the shear
characteristic of fabriec G (fig. 63, p. 205) this characteristic not being
known for F.

The computation is divided into five sections, corresponding to

figures 91 to 95.

I. InorEASE IN DIAMETER AND DECREASE INX LENGTH.
(Fig. o1.)

1. Compute the normal tensions, to first approximation, by the
rough formula (p. 210)

1
oy =Pnk 8PProx. o;=5pnf approx. (s)
likewise by the exact formula (pp. 208-209)

R Pull
”‘=°’(1 _Zoosa.p,) %™ 5¢08b ®)

2. Determine, from the normal characteristic (fig. 54), to first
ap?roxima.tion, the values of the increase in diameter and decrease
in corresponding to the values of the tensions i&-ﬁt computed,
both by (a) and by (b); Ad is to be determined from the diagram for
the woof, Al from that for the warp.

3. Compute the normal tensions to second approximstion from the
original values compyted by (b), and the new values of diameter and
length, using the formule of page 210:

=1+ A1 —-Al) ¢=a(l+AdP (c)

4. Determine the increase in diameter and decresse in length to
second approximation. @

5. Determine from Ad and Al the finel form of the air-filled hull.

In figure 91 the results of these computations are designated by the
corresponding letters. Thus, the four curves marked g, going from
top to bottom, represent successively the first-epproximation com-
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putations of the lateral and of the longitudinal tensions, of the
increase in diameter, and of the decrease in length. The continuous
curve at the top represents the first or initial form, the broken curve
the final form.  The final form as found l:i the first approximation

differs only slightly from that as found by the second approximation.
e, ¥ - ce qunil
| am-ff:m er. .
\\ \ p\,-ﬁm ’ y.-‘-fzam
A} —— 1
200} A/
(-]
S——
. Sageml esin oy N
o =
i)
00 /,/ < L T —
45 N, ctaliuliin ey 74\ ~
/e CN\, /"' RN
s "\ z
.,
\d“-’/ l i
0. = {
&=—1%
P ’”-—‘-\.\
e / diagoaal sireich Ad \
o i
~2 * =
*
i /f ‘ / \‘ A
« e —
s i elcainia sl S
g

F1a. 91.—Increass of diameter and decrease of length In the specimen computstion.

In general it will be sufficient to determine Ad and Al to the first
approximation, employing the values of ¢, and ¢, found by the rough
"formules (a).

The exact formula for the lateral tension has discontinuities at the
points where p, is discontinuous, but these are rounded off by the
natural operation of the deforming forces. (Cf. fig. 51.)
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II. Ter BeEnpING FORCES.

. 1. Sompute the weight of the envelope, G, in kilograms per meter
th.

en2g- Plot; this as a function of the horizontal distance from ons end

of the hull; plot the lift, A*F, as a function of the same thing; the

area between the curves gives the weight of the car.!

- T\ Y
Vg
| S A U W S 7 A
| a 2m 4 i f'r / |[
. 4 LIRNT [
I f \“\ ’/f - [
A |
] \\ ’
1 Pl [P |
- 'z
:i 18 ’ 1
Wr s ]
20m. - J0m ~—] {
2,81 4
i
t
|

200-1-2 / . k

ratis of lods

oo A 1

7 =t=2000 \
3000 by e
Serizontal component of the
ool farce due o the suspension

Fi16, 93,~The bending forces in the specimen computation,

8. Determine, for T,=1 (cf. fig. 78), the magﬁit,udes of the hori-
zontal and vertical components, 7, and T, of the suspension force,
and plot these as functions of the same variable (these curves are
not shown in fig. 92).

4. Plot the curve @ =27; as function of the sams variable, the
scale being so chosen that the sum of all the @’s comes out equal to
the weight of the car as previously ascertained. The upper, nearly

1 The ordinates for A Fappear to be drawn from the curve (—@Gg) as base Iine,—Transl.
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triangular part of the heavy curve represents the load curve,

+ li'—.A' . (@xisgraphedin fig. 92 as if intrinsically negative.—

ansl.)

5. Compute the ratio @/AF, for subsequent use in correcting the
values of 5 and J/8 (p. 232). The effect of the weight of the envelope
in decreasing the value of AF by 4G= (p. 221) needs to be considered
only when the pressure is small and when the suspension belt is
low down. (See fig. 87, p. 232.)

8. Plot the horizontal component T, using the true scale, and by
integrating the curve obtain the horizontal force due to the sus-
pension.

7. In figure 91, determine the diminution of the longitudinal
tension by the horizontal force due to the suspension (p. 216, top). (d).

8. Correct the previously determined value of the increase in
dianfleter in preparation for further correction when AJ and A(.c}l’ /S)
are found.

(The letter d refers to curves in fig. 91; the new value of the decrease
in length is also plotted there.)

ITT. Separmve Forces axp Momexnts. (Fig. 93.)

1. By integrating the load curve (fig. 92) the curve of the shearing
force V is obtained.

2. By integrating the curve of V, the moment My of the vertical
forces 1s obtaimed.

3. Compute the moment of the gas pressure by the formula (p. 214)

M=TXRA

4. Compute the moment of suspension M; EE 214) by multiplyin
the borizontal component 7 at each Egint of the belt by the vertic
distance from the belt to the central line of the envelope (2.6 meters,
fig. 92), and integrating along the belt.

5. Obtain the resultant moment M, by subtracting (Mg+ Mr)

from M.
IV. Tee Bewnpomve. (Fig. 94.)

1. Determine, from the normal characteristic (fig. 54) the modulus
of elasticity for the values of the normal tensions as given in figure 91
(in ﬁ% 94, the modulus is computed for the tensions as determined
by (& an&_ as determined by (d), and the curves are marked by the
corresponding letters).

2. Determine the moment of inertia for circular cross section, using
the formula J ==R* (p.216), and employing the increased radius taken
irom figure 91; in addition, the following corrections are to be made:

Correction for the strengthening effect of the seams (p. 216; esti-
mated as 5 per cent).

Correction for the increase in diameter due to the horizontal force
g}m to suspension, corresponding to the expansion curve (d) in figure

Correction for the change in shape of cross section, made by means
of the diagram of figure 90 (p.234); the value for the ratio of loads,

[AF, bemg taken from figure 92, and that for p./p, computed from
the diameter and the given value (30 mm. of water) of pm.



REPOBRT NATIONAL ADVISORY QOMMITTEE FOR AEBONAUTICS. 239

3. Form the quotient My/EJ, and thenc;;foby two integrations,

first the curve represen the ent to (slope of) the line of cen-
troids, and then 519 ]in;n(];% cenhtg?gs itself. P

In 94 the curves are drawn twice; once (continuous curves)
using the ‘uncorrected”’ values of E and J, viz, those computed from
the rough values (a) of the tensions and the formula J==R?; and

o0 k"

shuating force ¥

o B R e ey
. W e = e on o=

5

204

ljm! *
e g —
i
2= 1
&= 1

&dme
P1a. 93.—Shearing forces and moments in the specimen computation.

once (broken curves) using the ‘‘corrected” values of E and J, com-
puted from the more exact values (d) of the tensions and the correc-
tions to J, above déscribed.

Comparison shows that the ‘‘uncorrected” values of the last-
named quantities differ considerably in some cases from the ‘‘cor-
rected” values, so that if the corrections to E and J are neglected
the result may be seriously in error; even though the three correc-
tions to J appear separately to be veléy sliﬁht. pecially important
is the correct determination of E. Strictly, E should be subjected
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to a further correction not heretofore mentioned; the distinction
between first approximation and second approximation values of
the normal tensions (pp. 171, 210) should apply also to the bending
stresses. 'This correction is worth making, however, only if the
determination of the normal characteristic can be made free from
arbitrary interpolations -(cf. ipp. 197, 199) ; considering what is said
on page 47, this seems quite feasible.

3000~ M ) ; sow—,
4.__‘1-“’“’ Te—. »

2000 ~fremmammpmree= =" @

modalus of elasticily E

e

FI1Q, 94.—’I‘ba_bendlng In the specimen computatfon.

V. TeE SuEAR AND THE RESULTANT (FInaL) Fomm.
(Fig. 05.)

1. Determine from the shear characteristic (fg. 63) the modulus
of shear, @, for the values of the normal tensions taken from figure 91.
(Curves ¢ and d, fig. 95, represent @, thus computed from the rough
values (a), and the exact values (d), of the tensions.)



BEPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

241
2. Determine the value of J/S for circular cross section from the
formula (p. 219):
J_xR
S 2

and as in 94 apply.the corrections.
For the effect of the seams, curve (5).

oo An/in , L7y —
wl 7 prg S \.\
200 sxsdoles of shea G
o
1
;
sdmmmt 2 "—"—"&' . 1
oqm - )
Z T G
%i \\\
moment of inerfia )
4 momest
g~

: =¥
o~ "\
W/

iy

f S
2

F]

F16. $5.—The shear and the nmlformonhneuvelop

(Schubmodul: Modulos of shear, u.ngos'!lnh Curve of shear.)

For the increase in diameter, due to the horizontal force due to
suspension, curve (c).

or the ch

e in shape of cross section, curve (d).
3. Evaluate quantity (p. 219).

V., 8
T=g*aJ
20165°—S. Doc. 128, 65-2——16
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and thence, by a single integration, find the curve of shear. Hoere,
as pren'ousi , two curves have been drawn for each of the quantities
lotted, one curve for uncorrected and the other for corrected values.
he difference is distinctly less than in the last case, because the
corrections to @ and to J/S influence the final results in opposite
senses. 'The statement just made about E :(I)plies also to G.

4. Add the bending and the shear (carried out only for the cor-
rected values).

5. Plot the angle made by the plane of the cross section with the
vertical, this beiqﬁsequal_tao the angle whose tangent is the slope of
the line of centroids.  (Fig. 94.) )

6. Havin% gotted the line of centroids, draw outwerd from it, in
the planes of the cross sections, lines equaf to the radii of the envel-
ope as given in e 91; connect the extreme points of these lines
by a curve, thus obtaining the outline of the envelope in its final form,
as seen from the side.

E. STUDY OF A MINIATURE LOADED IN AN ESPECIALLY SIMPLE
MANNER.

Certain measurements were made upon the miniature previously
used in investigating the planeness of the cross sections (p. 58), these
making it possible to form an idea as to the extent of the agreement
between the actual deformation and the deformation as predicated
from the normal and shear characteristics.

DEsCRIPTION OF THE MODEL AND THE MANNER oF LoaDING.

The model was 1.5 meters long, and consisted of a cylindrical
central piece of 200 mm. $, with a hemispherical forward end and
a gradually tapering rear end. It was made b sewi.? together six

similar strips (I-VI) of fabric &, overlappin,
each other by 9 mm.; rubber tubes were attach
at the ends, and along each side & row of tan-
%entia]_ly attached doubls loops (Doppelschlaufen)

v which to suspend it.

On the surface was drawn a rectangular net-
work of lines; 12 meridian lines, made when the
strips were cut out, and 17 transverse lines, made
by rotating the model as in a lathe while a rig-

Fia. 86.—Cross seotion ot 0LV fixed pencil was held against it.
‘miniature batloon. . The mean pressure inside the model was made

. ual to 3,000 mm. of water, first by filling it
with air and then ({y filling it with water. During the t
tests, the bending and shearing forces were negligible; this state
is attained, when the model is filled with air, sim iy by su
Eorting it at the two ends (é]if 97), the weight of the model

eing very small; when it is filled with water, the suspension is
attached at all the different loops (fig. 98). Thus the conditions
assumed in the discussion of page 207 are realized. During the
second series of tests, the suspension was attached only at the four
middle loops on each side; bending and shearing forces then make
their appearance, and the conditions are similar to those in the case
of the gas-filled envelope. The reaction of the suspension is evenl
distributed smong the eight loops by means of a system of equal-
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F1G. 97.—allnjature balloon, filled with air, mounted so as to permit rotation.

Fio. 88, —Mlniature balloon, fliled with water, suspended so asto avald bending.
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Fia. 99.—Min!ature balloon, bent, after 24 hours.
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armed levers. (Figs. 99 and 100.) The excess of weight of the
forward half over the rear half is balanced by a 2.5mgg. weight
attached at the rearmost loop.

The intervals over which the various types of load were applied,
and the times at which the various measurements were carried out,

are shown in figure 101.
TwisTING OF THE MINIATURE.

The emount of twist was determined by messuring the vertical
distances m and n, from a flat surface to two points at opposite

ends of a diameter, as depicted in figure 102. such pairs of
_ﬁznlmmw—-{
° OO E
81 perind during tehick- p
4 model was flled i
solt] " removal of load — ~
' during one hour " D T -
H  water, suspended
H coasnotto bend .
20— d—— - s i
l§> E F1a. 102.—Measurement of the twist of the
258 model.
o1 —d
351 Model filed with
ty  water, suspended
T 50 as lo permil
#H  of bending
i
H
splib—= dx —
o= e R
B e of macsaromensa 8

measurements were made upon each cross section, the three diam-
eters making angles of 120° with one another, and the six points
consequently lying upon six different strips of fabric. The mean
value of © determined from these three pairs of measurements is
plotted in figure 104, each vertical line corresponding to one of the
17 cross sections marked by fransverse lines; © is taken as zero at
the ninth (central) cross section. The angle of shear is given by

qo=d6.a—‘§-

as may be seen from figure 103. .
The angle ¢ in the present case is only slightly greater than 1°
(of. figs. 35 and 38, for y=45°). Nevertheless, the twist © which it
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produces is so considerable (in our cese, equal in all to about 11°)
that in long airships with several cars it may be the cause of decidedly
troublesome phenomena, and even in short airships generally makes
it necessary to change the positions of the rudders and steering
planes (Ruder und Richtflossen).

INOREASE IN DIAMETER AND DECREASE IN LENGTH.

The increase in diameter and decrease in length were determined
three times—twice with the model supported without bending, once
with. the bent model—by measuring the distances between pairs of
meridian lines and of transverse lines. The points plotted in
figure 105 represent mean valaes, averaged from observations on

b

~

— agle of shear ¢

)

anghe of wist ¢ \

/

/

A

ransverse 7 3 5 r e 7 4 L4 ”
lina

F16, 104.—Twisting of the mintature,

four to five strips. The curves show, in the first place, that the
deformation is not completed for a long time. e longitudinal
contraction as observed at the time of the second set of measurements
is not plotted, as the curve came very close to the curve obtained in
the third set, and would have made the diagram unclear.

In the second place, we observe a considerable variation of the
amount of the deformation from place to place along the length of
the evelope. Since the same oscillations of the curve appear in all the
curves at the same places, they must be due to inhomogeneities in
the fabric itself. It follows that the ‘‘many-cross method” is the
most suitable for determining the normal characteristic, and that the
results it gives are better, the greater the number of the individual
points. figure 105 the theoretical values of the quantities Ad
and Al, determined to second approximation from the normal char-
acteristic (fig. 58) are graphed with broken lines.
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In figure 108, the decrease in length of four individual strips (I-IV),
a8 determined 1n the third set of measurements (¢,) is plotted in four
curves, the mean deerease being plotted as a fifth. The diagram gives

’ [I ﬁ a4 “ ] \\\
/

B\:L

AN - L
t [T Cy p-14
tnnsese 7 3 5 F 9 77 ~ R E~3 ”r
line
F1a. 105.—Increase in diameter and decrease In length of the minjature, Lettering asin the dis-

gram of figure 101,

a good picture of the way in which bending takes place; it shows
how the decrease in lengti is greatest on one side and least on the
other, on which it may even be changed in sign and appear as sn
increase in length (this portion of the curves in question is cross-

i il 770
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F1G. 108 —Decrease In Jength of the six Individusl strips of the minature dus to bending. In the
center, the mean value, figure 183,

hatched). Hence it gives an idea of the change in shape of the
cross section, which 1s of importance in determ.i.n.i.nghthe correct
value of the modulus of elasticity F from the normal cheracteristic.
(Damit ldszt es den Umfang der Formdnderung fir jeden Qurschnitt



246 REPOBRT NATIONAL ADVISORY COMMITTEE FOR AERONATUTICS.

erkennen, der fiir die passende Wahl des Elastizit dtsmoduls E aus der
Normalcharacteristik von Bedeutung ist.)

A change in length becomes definitely- an increase in the vieinity
of the head of the balloon. This is because the model is made of
only six strips, so that the head, instead of being a perfect hemi-
sphere, is morelike a hexagonal pyramid, and the central lines of the
strips (along which the change in length is measured) are too short
in comparison with the seams, so that an unduly large longitudinal
tension falls upon them. In actual balloons there are 30, 40, or
more strips, and this phenomenon does not appear.

Tae LiNE or CENTROIDS AND THE CURVE OF SHEAR.

The finel form of the model, after three weeks of loading, was
determined from the photocﬁrapfls (6gs. 68-69) which had been used
previously to test the validity of the Navierel(liypothesis. In %ure
107 the contours of both photographs, enlarged and made accordi
to the principles given in connection with 871, are reproduced.,
By bisecting the successive transverse lines and connecting the points

R T T T T
e TS
‘W Diagrn A (bead) s
|

AT L

1 - = - .hﬂ
. shi
Diagram B (uil)

F1q. 107.—Bending and shearing of the miniature, determined from the photographs of figures 68-69.

with & curve, we obtain the line of centroids of the model (approxi-
mately). The shape of this curve is the same in both diagrams.

The cross-section planes are determined by the bits of paper
attached to the back and to the bottom. If, now, starting from M
and going in each direction, we draw a curve intersecting all the
cross sections at right angles, this curve enables us to separate the
effect of pure bending from that of shear.

The position of this curve is different in the two photogﬁzﬁgs.
This difference is ps.rt.lﬁsdue to small deviations from exact parallelism
of the two photographs, but principally due to the twisting of the
model; the bits of paper are glued exactly upon the top and bottom
meridian lines, participate in the twist of the miniature, and con-
sequentlydo not-remain in the object plane (fig. 70, portion marked
“ &rundriss”); this changes the apparent angles of the cross sections.
The phenomenon is especially clear in the upper photograph toward
the tail; the curve in question at first- departs from the central curve
and then approaches it again. Obviously, the Eper photograph
(taken from tie head end, cf. pp. 211-212) gives the better approx-
imation near the head and the lower photograph (taken from the tail
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end) is better near the tail. However, since the absolute value of
the shear is small and the determination by this method not suffi-
ciently exact to meke conclusions from either photograph salone
reliable, the mean between the values obtained from the two photo-
graphs is employed in the computation.

CovparaTivE COMPUTATION.

The computation of the form of the line of centroids is carried out
in figures 108, 109, and 110. It is simpler than the specimen com-
putation (p. 234) in three respects:

1. The weight of the envelope can be neglected, for it amounts to
only 1.2 per cent of the weight of the water.
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F13, 108.—Change in shaps of the minfature. Thae Ioed.

2. The forces due to the suspension are entirely verticel. The
moment; of suspension vanishes; so does the decrease in longitudinal
tension due to the horizontal component of the suspension forces.

3. The ratio of suspension u is eﬁua.l to zero, and the ratio of

Tessures P,/p, =0.935=1, nearly. Hence the correction of J and
/S (fig. 87) is unnecessary.

The strengtheni.gf effect of the seams requires a correction’ of
6.9/%.200, or, roughly, 10 per cent.

In the final diagram of figure 110, the theoretical and the observed
forms of the elastica as produced by bending along (upper pair of
curves) and by bending plus shear (fower pair) are depicted. The
theoretical curves are continuous; the observed ones are broken.
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The theoretical curves agree qualitatively with the experimental.
The observed values of the deviation from the straight Iine (due to
bending Elus shea.rzrﬁre, however, about 15 per cent less than the
computed values. e portion of the deviation due to bending alone
agrees with theory to about 7 per cent. The portion of the deviation
due to shear is, however, some 30 to 35 per cent less than what was
expected. This is not to be wondered at. It is primarily due to the
fact that the shear characteristic, upon which the computation is
based, is determined from the central curves of the hysteresis loops
(fig. 61), whereas the observed deformation was the first which the
model had ever undergone, and it was to be expected that it would
be less than the computecf deformation by an amount equal to the
influence of the viscosity (cf. fig. 20, p. 168). If in figure 61 we com-
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Fia. 109.—Change In shape of the miniature, The shear.

pere the values of the modulus of shear deduced from the central or
mean curves with those deduced from the initial curves, we find
throughout differences of 30 to 40 per cent. Hence this 18 a suffi-
cient explanation for the difference between theory and experiment
in the present case; nevertheless it is desirable to test the matter out
by further experiments, especially upon shear. As regards the bend-
iglg,;;hh}owq\;ler, the theory appears to be—confirmed in every respect
y this tnal.

SUMMARY.

In the foregoing the behavior of balloon fabrics as regards suscepti-
bility to deformetion hes been predicted from the structure of the
fabrics and demonstrated by a number of experiments.
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It has been found what datae are necessary before the deformation
of an actual envelope can be predicted; experimenial methods for
obtaining these data have been described.
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Fia. 110.—Change In shaps of the minfature. The bending and ihe fins] form of the Iine of contraids.

The determination of the deformation of an actual envelope has
been separated into three parts, dealing successively with the increase
in diameter and decrease in length, the bending, and the shear. The
departure of the cross sections from the circular form has been ascer-
tained, and a simple way of taking account thereof in computing
the bending and the shear is given.
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A specimen computation, with frequent reference to the preceding

deductions, has been furnished for the

constructor.

The deformation of s miniature ba.lloon has been investigated
experimentally and compared with the theoretical predictions.

Table of fabrics.
Mean
S5 | ne
Nature of fabrie, | JREOTH squar Bpecal characteriatios.
Kilograms %?’
per meter.
A, Bingle layer......... 630 85 Unmbbeﬂ%eg,) uncolored. So-called Rokstef (cruda
Or 1AW %)
B. Single layer......... 680 195 | Rubberized on one side, colored on the other, For out-
#ide strips to be glua& on (K lebestreifen).
C. Singlalayer......... 490 75 | Bu bbedlzeglﬂon one side, uncolored. Bo-called aero-
lane o
D. Single layer......... 0 225 prberlzed both aides, uncolored. So-called band
fabric (Banddo)f) For inner & (Elebmre(fen)
E. Parallel doubled.... 2,800 425 t.ro:;%llaggr of rubbeu' in middé:: nrubberized an
. ored on outst
F. Dlagonal doubled.. .| 1,400 390 at. sbout- 48°. Tnside rubber-
ie8 ' ed mw 1 ,yeuow
G. Three layer......... 2,200 520 mddle layer at ea, 45 . Inside Tubberized,

unoolored Oumde unmbberized yellow.
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PART 2.

THE DEFORMATION OF THE ENVELOPE OF THE SIEMENS-
SCHUCKERT AIRSHIP.

———

By Arzxanper Dizrzius, Dipl. Schiﬁ'bau-Lng;u;eur, Privatdocent in Airship Con-
struction, Royal Technical High School, Berlin.

OBSERVATIONS ON THE AIRSHIP AND EXPERIMENTS UPON A MODEL.

The plans used in the construction of nonrigid balloons alweys rep-
resent the outer envelope as & surface of revolution, the cross sections
of which are circles in planes perpendicular to the axis. The patterns
for the longitudinal and transverse strips, from which the envelope
is put together, are designed and cut out of paper in conformity with
this assumption, upon which is likewise based the determination of
the volume,

Similarly, all published construction plans of nonrigid balloons rep-
resent the body of the balloon as & surface of revolution. However, to
take two instences, the picture of P-V1I. ’%1 1) and the longitudinal
section of the Siemens-Schuckert motor airship, drawn from measure-
ments made some three months after its first filling (fig. 4), reveal
how far the envelope, after being mounted and filled with gas, devistes
from the initially designed shape.

The change from the planned shape of cross section into a pear-
shaped form is, in practice, less noticeable. This is due in part to
the increase of internal pressure with height inside the balloon efter
it is filled with a gas lighter than air (in general, hydrogen); and
diminishes 28 the infernal pressure is increased, whether by venti-
lators ! (Ballonventilatoren) or otherwise.

The change in the shape of the longitudinal section, especially in
the contour of the back, is more striking. This is not merely an
esthetic defect, especially in comparison with the rigid airships of
the Zeppelin type, but & practical fault, which certainly does not
contribute to increasing the speed of the airship.

. When the ratio of length to breadth (Streckungsverhdlinis) is con-
siderable—thus, in the Siemens-Schuckert airship 1t is 9 to 1—end the
central cylindricel portion is long, the bends eppear still more clearly.
In the Parseval balloons, and still more in nonrigid balloons with 10%
stiffening rods (Versteifungsiriger, tie-rods) such as the Fren
airships of the Clément-Ba type, it is possible to correct this
fault in part by means of the rope suspension, the long ropes extending

1 Namely, the pump which pumps air into the balleconef.—Transl.
251
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far out to front and rear being stretched taut. Such appliances are
entirely lacking in the Siemens-Schuckert an'shlg ; bowever, it was
possible to correct the worst of the deformations by inserting wedge-
shaped pieces of fabric at the timintss of greatest curvature.

A comperison of figure 5 and the photograph in figure 7 shows as
well as possible the success thus attained. aras I know, this is the
first nonrigid balloon to which such a correction has been applied.
The experience here acquired, in particular that in the drawing of
fi 4, will make it possible to provide better against the bendi
whenever a new balloon of this shape and size is built; in particular,
the patterns for the strips of fabric will be drawn so as to allow for
a much larger number and better distribution of the wedge-shaped
insertions.

The requirements imposed by the purchaser of dirigible balloons
have become much more exacting in the last few years, because of the

at competition; consequently, the builder of nonrigid balloons will

d hims cox'{‘lﬁglled to attach importance and value to the beauty
of his ships. ublication of & portion of the experiences and
investigations of the Siemens-Schuckert factory relatively to the
deformations of the envelopes of nonrigid balloons will therefore be
of general interest. .

DETERMINATION OF THE DEF&RMATIONS BY COMPUTATION AND BY
RAPHS.

This has been carried out for the Siemens-Schuckert envelopes. It
is here superfluous to takﬁ the process of computation, as it has
been thoroughly and generally treated in the previous paper. It is
there shown that the results of the computation are in good agree-
ment with experiment when the assmi?tions there made in order
to simplify the computations are justified to a sufficient approxi-
mation. ' o -

However, in computing the bending of the envelope of the S. S. air-
ship (fig. 3) the influence of the shearing forces ! which causes a dis-
placement of the cross sections was entirely neglected; at that time
the properties of the fabric employed (three-layer fabric) which affect
this phenomenon were not known. Furthermore the existing data
on the expansion of the fabric (or the characteristics determining
the expansion) were incorrect. They were obtained by experiments
on a cylinder of the fabric about a meter long and 80 cm. in diameter.
the tension in the fabric being increased by increasing the internal
pressure and the expansion being determined by measuring the
circumference. This series of tests the maximum tengion atteined
in which was 500 kg. per meter extended over only half an hour;
consequently no account was teken of the peculiar f‘Eropert,y of
balloon fabric emphasized in the previous paper viz, the property
of approaching the finel deformation corresponding to a given load
only asymptotically as a result of which the deformations produced
by the permanent load to which the balloon is subjected when in
use are greater than those found by the experiments, and the velue
employed for the modulus of elasticity throughout the computations
was too great. The fact—at first surprising to the constructors and

1 The word here used s Scherkraft: In the previouns paper the word transiated as ‘‘shearing force’ is
ScAubkraft; the meening appears to be the aa.me.—‘rmmlg.tor.



F1¢. 1.—Alrship of the Lutifahrzeugbau Co., of Bltterfield. P-¥T.

F1g, 2—Clément-Bayard airship.
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builders of the S. S. airship—that the sctual bending was roughly
10 times as great as that computed, is thus explained.?

Another surprise, this time an agreeable one, was furnished by
the fact that the balloon developed no creases on the under side,
even ab zero pressure (an der Bauchseite nichi einknickie), while the
computation indicated that this phenomenon—due to the annulling
of tge tension on the extreme upper or lower filament of the en-
velope—would appear at an excess pressure of 11 millimeters of
water. The reason is that in the computation the influence of the
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suspension was neglected; this increases the cross sections as the
internal pressure goes down, so that the moments of inertia of the
cross sections increase.

DETERMINATION OF THE DEFORVMATION OF THE HYDROGEN-FILLED
BavrLoon.

. This method is the most exact, although the most expensive;
since the required corrections can be ascertained beforehend only to
& very rough approximation and at the cost of much time, as is shown

t Although this Is understood, other difficnlties remain In the compuotation of the deformat!; ecially
for a balloon of the 8. 8. Thzsemdmtoourimamnceoﬂh%dlﬂﬂbuﬂmortemimsu ggplaces
where ths fabric m(Stnﬂm&Whtﬂstype,m and the head and tafl
of circalar cross section begin. Henca the “water tests" later to be déscribed simplify considerably
the task of computing the deformation of a hull of the present type.—Author’s note.
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Fi@. 4—Longitudinal cross section of the 8, 8. motor airship; measurements made in June, 1910, three months after first Alling.

T F L T
Fia. 5.—Longitudinal cross section of the 8. 8, motor airship after the bending had been corrected by insariing three wodge-shaped pleces of fabrie,
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by tgllﬂ example, already partially discussed, of the Siemens-Schuckert
airs

' Thg)'reduction to graphic form of the bending in the vertical
longitudinal plane (fig. 4) involves no technical di ulties. Such
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appear, however, in determinirgﬁ the shape of the cross section, and
are was no provision for such determinations in the balloon hall

of the S. S. factory. Hence it was necessary to measure the greatest
breadth of cross section by dropping plumb lines from the balloon



256 REPORT NATIONAL ADVISORY OOMMITTEE FOBR AERONAUTIOS.

to the floor (Abloten des Ballons auf dem Boden), thus obtaining, by
comparison with the longitudinal section, the ratio of the greatest
to the least diameter for each cross section.

The results of the measurements are given in figure 6; they show
very clearly that the deformation of the cross section, other things
being equal, increases with the specific load, so that indentations
(¥ Hilften) a%pea.r in the envelope at the places where the gondolas
are suspended; these are more pronounced, the less the artificial
excess pressure in the balloon. Compare also the photograph in
figure 8, in which the constrictions are indicated by arrows.

B measurinf the circumference and the length it was found that
the former had increased by roughly 7 per cent over the intended
value, while the latter had diminished by only 1.5 to 2 per cent.

We see further in figure 6 that the central line of the horizontal
projection of the envelope ia not straight. The cause liesin an annoy-
ing peculiarity of the diagonal fabYic employed, which was first demon-
strated beyond doubt by the previously mentioned experiments on
the properties of fabrics. The difference between the susceptibility
to extension of the warp and that of the woof in the principal layer,
and the uniformly applied diagonal strips, cause the envelope of the
balloon to undergo a twist around the oniitudina.l axis; this effect
is partially compensated by the weight of the gondolas, but the ten-
sion on one side of the balloon is increased thereby, a sharper con-
striotion is produced, and a curvature of the axis is caused.

This appears much more strongly in the Korting balloon belonging
to the Austrian army authorities; even the pictures, e. g., those pub-
lished in the Deutsche Lufb"aﬁrer—éeitschnft, show the twist distinctly.

This type of deformation can in the future be avoided by employ-
ing strips of fabrio, in which the diagonal layer is laid down partly
as if winding a right-handed, partly as in a left-handed screw, so
that the twisting tendency due to if is canceled. A patent covering
this improvement has been filed for some time in nearly all countries
by the Siemens-Schuckert Co.

DETERMINATION OF THE DEFORMATION BY EXPERIMENTS ON MODELS.

This method, so far as I know, was first employed by the Italians,
and was briefly described by Capt. Crocco in the periodical La
Technique Aéronautique for June 1, 1911. Tt consists in making a
model of the large balloon, out of the same fabric, of such dimensions
and filled with water to such a pressure that the specific tensions at
various points on the model are equal to those at the corresponding
points of the ballocn. When this condition is fulfilled, the specific
expansions, extensions, and displacements in the model must be
equal to those in the original, and the deformations, measure for
measure, must be identical. The algebraic proof of this statement
will be adduced later on, during the description of the experiments

erformed. by the author in the service of the Siemens—gchuckert
actory.
It ;ﬂould first be mentioned that these experiments could also be
erformed by submerging the model in water and filling it with air
}()ﬁg. 11); but the measurements would then have to be made under
water, which is not convenient. It should be noted beforehand that
the results make no claim to completeness, especially since the weight



F1G. §.—8{emens-Schuckort airship seen from beneath.
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of the large envelope can not be re(froducedin themodel. Compar-
ison of the deformation of the model with that of the original has

shown, however, that the method is in practice completely satisfactory.
SCALE OF THE MODEL.

For the adjacent shallow cylindrical eross section of a balloon
(fig. 9) let p, represent,the external, p; the internal pressure. Both
of these vary, as is known, according to the law

o §.)

where v, is the specific gravity of the gas. As we deal only with
relatively small heights, we may replace this logarithmic law, to &

'117
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Fig. o

sufficient degres of approximation, with & linear equation of which
the general equation is

po—p=h-y or =B—L
Yo

Let OX be the horizontal plane, in which the two pressure curves
intersect, i. 6., where p,= %; for example, in the case of a completely
filled spherical balloon OX is the plane in which lies the lower end

of the flling tube (Fillansatz).
The shape of the cross section is completely determined when the
radius of curvature p is given for every point of the circumference.

We have the general relation,
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where £ is the tension per unit length and p,=p;—p,. The same
relation holds for a water-filled model,

bt
P “
If, therefore, we have a model which is constructed on a scale equal
to 1/n, that of the large balloon, and wish to have the cross seotion
similar to that of the original, we must have at each pair of corre-

sponding points
1
p=rp

1
and hence & /Plu_ﬁ(tlpﬂ)

Since by definition,

Pu=DPi— Pa) OT Py= (Po— hy,)— (po— hyg) =h{ve—79)

we have also
¢ 1 ¢
Ma'd—+"d nnlve—v0)

Similarity requires also that h’=%h; we thus obfain

t’n _}._ t . P —t 7’4—7’4
MY e =70 » (va—vOl t Ya—v¢

The scale of the model is thus completely determined when a value
is assiﬁed to the retio #/t', or any relation between ¢ and ¢’ is assigned.

As already mentioned, it is desirable to make the model out of the
same fabric as the large balloon, for then we obtain the same specific
extensions when the specific tensions ¢ and ¢’ are made equal. Assign-
ing the value 1 to the ratio ¢/t’, we obtain

ppeYe=" &
Ya—Ys @

where a=1,—7v,; i the lifting power of the gas %er cubic meter,

which is known to be subject-to large variations, being dependent

on temperature, absolute pressure, and the humidity of the air, to

say nothing of the purity of the hydrogen. On the contrary,

a'=~',—~'¢ is more constant, since the density of water v'; varies
s{ightl , and the density of air v/;is negligible in comparison

with that o¥ water, which is ic;}ﬁghly 800 times as great.

In practice, therefore, we s set

a’ =~'g—v';=1,000 approximately.

If we take a=v4—v;=1.1, we obtain n’=1—’10—(1)9 and n=30.
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DistriuTiON OF ForoEs OveEr TEE MODEL.

The scale of the model was determined as

ﬂ,’ = 'Y._L'Y‘ == ‘J _G:
V Ya—Y¢ a
Let the volume of the large balloon be V, that of the model V7,
then the ratio of volumes is

V=nV".

The total load that the balloon is able to carry is @ =V a whers, as
above, @ represents the lifting power of the contained gas per cubic
meter. The weight of the water inside the model is @’ =V’a/, where
a’ =1000 kg. per cubic meter. Hence

@ Va Van®_ g
& Ve V& o d
In this ratio the weight of the gondolss, that of the water, that

of the benzine ballast, etc., are to be computed and evaluated, in the
case of the water-filled model, as forces directed upwards; this is

shown in e 10, and is easy to carry out. The proper allowance
for the weight of the en-

we reduce it in the same
ratio and imagine it as
distributed in the correct
way over the entire sur-
face of the envelope of the

velope, however, can not — —
be correctly made unless AN é

model (cf. fig. 10). The }
weight of the envelope of y —\
the model itself is directed

in exactly the opposite -4
sense when the model is \ +/

filled with water and is —
directed in the sense de- ’
gired only when the envel- ~ e, 10,
ope is filled with air and )
submerged under waier. (Fig. 11.) Even then the effect of the
weight of the model would not be analogous to that of the weight
of the envelope; for, since the envelope of the model is of the same
fabric as that of the balloon, ils weight stands to the weight of the
balloon in the ratio of the areas, i. e., in the ratio

H

W

H/H' =n31, or H' =

whereas the ratio ought to be the same as that of &’ fo @, i. e.
1

Hda
B=5a
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Since /e is approximately 1000, the weight of the envelope of the
model is only one-thirtieth of the reduced weight of the enI:relope of
the balloon. Consequently, in order to mske proper allowance for
the weight of the envelope in the set-up of e 11 it would be
necessary to make the model out of fabric about 80 times as heavy
(per unit area) as the fabric of the balloon. This would scarcely be
possible in praclice.

On the other hand we ses that in the set-up with the water-filled
model, although the weight of the model itself acts in the opposite
sense to the one desired, its influence can not be great, since it is
equa.ll to only about one-thirtieth of the reduced weight of the balloon
enyelope. . . .

Since, with nonrigid balloons, the weight of the envelope is one-

uarter to one-third the total Lift, it can not be entirely neglected.
the experiments here pictured allowance was made for it by

Y |
7 ) %g

e ———

Fia, 1L Fia. 13,

inserting an air sack, extending the entire length of the model (see
fig. 12) of such capacity, that the weight of water displaced ;:aly it
was equal to the reduced weight of the envelope, including valves,
tubes, ete. Furthermore, the cross sections of this air sack are so
designed that the disiribution of weight (of displaced water) along
the longitudinal axis is as closely slmiu' as possible to that of the
reduced weight of the envelope.

It must not be overlooxed that the reduced weight of the envelope,
a3 thus introduced, causes the shape of the envelope (eross section) to
beincorrectlyreproduced, the height, of the crosssection bein increased
and the breadth diminished, relatively to what they would be if the
reduced weight were properly distributed (cf. fig. 10). This fault
can be pearily corrected by increasing the internal pressure beyond
the value previously computed, &’ =h/n; for this increase makes the
cross sections broader in the horizontal, narrower in the vertical
direction. However, the tensions in the envelope of the model in-
crease likewise, so that ¢ >¢.
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The desired broadening of the horizontal diameter may be obtained
without introduecing this last error, if we make the scele of the model
less than 1:30. For, from the equation for the scale of the model,

t-a’
2
L

it is scen that n becomes er than 30 when ¢ is made greater
than . If, therefore, n, is made greater than 30, it will be necessary
to increase the internal pressure beyond the value A’ =kfn, in order
to make ¢ equal to £. For a certain value of the scale factor n, >30,
the error introduced by the scheme of figure 12 for meking sllow-
ance 1flor the reduced weight of the envelope is as nearly annulled as
ssible.
poWe observe, however, in the above equation for n*, that ¢’ becomes
ual to ¢ for a value of the scale-factor n, greater than n, when the
i tmﬁ power per cubic meter of the ]gdr en is less than 1.1—s case
which 1s more frequent in practice than the converse one in which
¢>1.1. If, however, we take this value (i. e., apparently the value

Fiq. 13,

of a=1.1.—Transl.) as & mean, and choose our value of n, to fulfill
the dondition previously announced, it will gtill be necessary to
increase the infernal pressure A’.

The incresase, di’, m &’ which is necessary can be computed only
approximately, by means of the assumption that, when the internal
pressure is increased by dR, the shape of the cross section does not
change—i. e., that, even after the increase takes place, the radius
of curvature p’ is equal to 1/n times p. This is not actually true;
for the cross section must broaden a littls in the horizontal and
contract in the vertical direction.

For the point 4, in figure 13, we have in the large balloon,

— 4
i +¢)a
, ¥

P T Wy RN

and in the model,

1l
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Making ¢’ equal to £, and dividing one equation by the other,

) (tyla

p  ('+y +dh)a’
VIS S

By the above assumption, p’=p_ and 71;;% -

consequently
dh-a' =GR +y)a-n— G +y)a’

dﬁ-(k-l-y) (::n—f-;;)

G

Woe seo that dA’ increases with y; for example, if we compute di’
for y=D/2, then for all points above {'>¢ and p'>%p, and for all

points below, ¢ <t and p'<%p. The magnitude of the error can not

be computed without further knowledge, but it is smaller, the larger
h is relatively to D/2.
The experiment to be described in what follows was made for a
roposed balloon, of which the plans are given in 14 and 16.
E‘his balloon was to have the same length as the S. S. balloon, from
which it was to differ only in having a greater volume, every diameter
being magnified in the same ratio.

The model is made out of three-layer diagonal fabric. As regards
its strength and its purgf)erti% with respect to extension, it corresponds
to the fabric previousty used for the S. S. balloon. ’I‘his, however,
was made of 42 longitudinal strips, while the model was made out
of only 8; this was done in order to make the strengthening due
to the unavoidable seams stand in the same ratio to the (strength of
the) seamless fabric as in the case of the large balloon, although
adjacent strips overlapped by only 9 mm. on the model and zby 30 mm.
on the balloon. The a ement of the strips and seams is shown
in the prcgﬁgted cross section (fig. 16) and the photograph of the
model as filled with air (fig. 17). The scale factor is 1:33}% instead
of 1:30, for reasons explained above.

The reduced weight of the envelope was allowed for by means of an
air sack, and the other weights by heavy sandbags of suitable weight,
with the aid of double-armed levers, wire ropes, and movable locks
(? nachstellbare Spannschlosser). Similar compensation was made
for the weight of the horizontal rudders, the stabilizing planes, and
the ropes at the forward end (Nasenfesselung). (Cf. also the Fictures,
figs. 17, 24,and 25). The weight of the envelope of the model, includ-
ing the airsack and the clamps ( Klemmvorrickiungen}, was offectivel
annulled by means of cast-iron riders, which could be moved at wi
along the lovers.

ter the model was filled with water the water pressure was raised
to an amount corresponding to an excess pressure of 25 mm. in the
large balloon and the deformation was measured; for some time at
frequent intervals, later on less frequently.
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The water pressure desired for a model on the scale 1:33% and for
the excess pressure 25 mm. is found b&the method previously de-
scribed, and assuming ¢ =1.1 (kg. per cubic meter), to%e

h"‘:%ﬁ —%%g—O.BSlG m.=682 mm. of water, approx.

Fia. 16.—Cross section of the model, showing axrrangement of the strips of labrioc,

The tensions ¢’ would be less than #; the amount is found by the equa-
tion
=t a’
7a

,_ta/_, 1000 _
to be ¥ ==t Eagyr 11— 082 b



Fia. 17.—Model filled with air.
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In order to make ¢ ={, it is necessary to increase the internal pressure
by
a 1
B=nG+9) (5

Setting 7;=-—-f—51 and y=D/2 =8 meters approx., we obtain

1.1 1
dﬁ=‘33§-30.74 [m—w]= 194 mm. &pprox.

hence A’+dh=682+194 =876 mm., water pressure required, meas~
ured in millimeters of water.

The shape of the transverse section is shown by the photograph
(fig. 18) and two scale di (fig. 19). It agrees with that of
the large balloon very well, so far as comparison is possible, i. e.,
in the ratio of height to breadth.

The change of the shape of the longitudinal section must, naturally,
also correspond to that of the large balloon; for, when the distribu-
tion of the weights applied to the model corresponds to that for the
balloon, each portion of the envelope will be subjected to the same
gpecific forces 1n the case of the model as in the case of the original.
thense.cglerdsly' the specific extensions and the displacements must be
he same.

Since the tensions cha.n% from point to point, any given change in
the balloon is reproduced by a change on the model over a distance
only 1/n times as great. Erroneous results may be caused by this
circumstance, and also by the fact that the strengthening influence
of the seams, etc., in the balloon, can be reproduced only approxi-
mately in the model; the errors, however, are of subordinate im-
portance in comparison with the considerable deformations due to
the extensibility of the fabric, as is seen by comtﬂirin the pictures
of the longitudinal section of the model with that of the balloon
(E?. 15 and 20 with fig. 4).

(iigu.m 21 shows also the horizontal projection of the model when
filled with water; the constrictions produced by the gondolss,
exactly as in the case of the la.rg;sb&lloon (fig. 6}, can be recognized.

Experiments with amodel of this type therefore make it possible at
relatively slight cost to foresee the deformation of a proposed balloon
even, at the time when the patterns for the fabric are being made,
Other valuable information cean be obtained in this way; for example,
information about the change in volume, which depends upon the
extension of the fabric and upon the distortion of the cross sections
from the original circular form, and which, in the determinstion of
the volume of the balloon, can (as mentioned at the beginning)
be ascertained only by experience; further information about tﬁe
position, of the center of gravity of the volume (Volumenschwerpunkd)
whioh is displaced by the deformation of theenvelope, 5o that the posi-
tion computed from the diagrams is not correct. I_Fi mistakeismade
in this matter it is necessary subsequently to change the position of
the loads; if the gondolas are suspended by a rope suspension
(Setltakelage) from the balloon, it is ordinarily easiest to make the
change by displacing them. If, however, the gondolas are suspended
by means of & strip of fabrio (Stoﬁ“auﬂz&lﬁg"wng), as is the case with
the S. S. balloon, it is much more difficult to make the correction.
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Fi16. 19.



F16. 20.—Model Slled with water.

W6
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In the determination. of the center of gravity of the volume it seems
advisable to perform two experiments; one, during which the air
sack of figure 12 is inserted, and the other, during which it is left out.
In the latter case it is mecessary to add the reduced weight of the
hull to the weight of the gondoles; ’

but the volumeleg of the air sack an
the position of its center of gravity,
which is hard to determine, do nof 1

enter into the computation. Onthe / b \
other hand, the increased deforma-
tion due to the additional weight \
introduced by omitting the air sack
rovides another source of error. _ N
e comparison of the two results, t .ii
which are obtained by computing £
the moments, makes it possible to
determine the center of gravity of
the volume with the same order of
accuracy as is possible, in practice
in the determination of the center of
gra.vi'tzlof the entire balloon, includ-
ing hull, gondoles, ete. The deter-
mmeation can also be carried out for
various values of the interior pres- 4
sure and various Joads, and in par- 11
ticular for conditions corre:fson i -
to those preveiling at high altitudes,
where theliftingpowerisless. Simul-
taneously, the variation of volume
with varying internal pressure can be
ascertained.
Figure 22 shows the resulis of an
experiment of this sort performed

with the model pictured in figures '

18-17, eto. We perceive that when

the internal pressure is reduced from 3
-

800 to 50 mm. of water, correspond- ‘
ing to a changs of the internal pres- \
sure of the large balloon from 23.5 to X

0 mm., the volume diminishes by,
roughly, 12 per cent. When the
sane experiments were performed
on the large balloon itself, the vol- \,
ume diminished by only 8 per cent
over the same range of pressure.
This difference is due to the fact
that the experiment upon the model
was performed with the air sack Fia. 8.
inserted; this, as already stated,
causes an excessive strete of the cross section. This stretching
is obviously greater the smaller the infernal pressure.

A change in volume equal to about 8 per cent corresponds to a
change in the temperature of the gas within by about 22° centigrade,
or to a change of about 60 mm. in the barometer.
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It follows that the S, S. belloon does not requj an Amme! to
compensate the changes in volume produced b tﬁe es in pres-
sure or temperature encountered over a perioc{ of a few days in the
S. S. hall. is is, however, true only if the weights (gondolas, ete.)
are so distributed that the bending stresses which they exert upon
the hull cause no creases or dents, even when the pressure on the
underside of the balloon is zero. Tha advantage of such a propert;
in 2 balloon is, not merely that the Amme and its cost are avmdetf:
but also that the hfs;edrogen content of the balloon (the loss by diffusion
being made up by fresh additions) deteriorates only slightly. A nurse
alloon increases the surface of the balloon immensely, the influence
of” diffusion (inward as well as outward) being correspondingly

..~ 30mm W8 mmmhhﬂnq—uim

# P’ T & 20 Lier Vodorr—
P) ! ! i : Jn _Jm Vadam -Varmincarvrg

Fie. 22.—Experiments, using the model, on change in volume as funetion of change in internal pressure,.

augmented. Still more troublesome is the fact that the internal pres-
sure at the underside of the nurse balloon is usually zero, so that air
is_sucked into it. (Noch unangenehmer macht sich der Umstand
geltend, dasz die Unterseite der Amme selten Inmendruck aufweist
und dadurch ein Ansaugen von Luft in dieselbe hervorruft.) The harm
could doubtless be lessened b&r making the nurse balloon of very gas-
tight, i. e., heavily rubberized fabric, instead of the customary light
two-layer cloth.

The experiments upon the model may be extended so as to cover
the cases of deformation due to bending stresses which are produced
by forces acting in the horizontal plane, and likewise those due to
additional moments in the vertical plane. L _

18ee translator’s preface,




Fias. 24 and 25.
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For example, be.ndin.g moments in the horizontal plane are caused
duri.tag flight when the helm is shifted (durch Legen des Seitensteuers).
The flexions thus produced are, in the S. S, balloon, rather consider-
able, partly because of the high ratio of length {o diameter; however,
they appear also in the Zeppelins, sccording to Chief Engineer Dorr
of the Zeppelin factory.!

Figure 23 presents the determination of the curve representing the
bending moment due to the pressure of the rudder, for the S. S.
airship, and based upon the assumption that the reaction of the air

on the envelope tends to cause only & rotation around the center of
gravity of the balloon. The values of the bending moment obtained
upon this assumption are minimum values, for, when the airship is
advancing through the air, the reaction is displaced far forward toward
the head of the balloon and the maximum bending moment is doubled
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Becomn!

or tri[pled. These bending moments can not be imitated on the
model, consequently the results given are of value only in comparing
different models and different balloons with one another.

Since, with our fabrics, the deformation produced by a given con-
stant stress depends on the length of time that the stress is applied
and approaches its maximum value asymptotically, it is necessary to
extend these experiments over & long interval of time. A number of
observations are made successively at greater and greater intervals,
and the experiment is terminated when the fiexion ceases to increase
perceptibly. ' From the graphs of figures 26 and 27 we see that this
point is reached in about 50 hours.

11In the case of the 8. 8, balloon the force exeried upon the rudder when it is put completely over and
the ship Is advancing at 16 moters per second {s 600 kg.—Anthor's note.
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The mesasurements of flexion after the load is removed are inter-
esting in this respect, that they confirm the conclusion deduced from
the experiments on deformation of fabrics mentioned at the begin-
ning, viz, that the flexion, imparted to a mnonrigid balloon by
ben stresses, never entlreiy vanishes when these are removed.
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F1a. 38.—Experiments on bending in horizontal plane, water-fillled model.

Figure 28 shows & model for another proposed balloon. Comparing
this picture with figure 20, we see that the change in the shape of the
hull has resulted in a decided diminution of the bending.
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F1a. 37.—Experiments on bending in vertieal plane, water-filled model.

. These experiments with models have shown already that the method
is a convenient auxiliary in the planning and the construction of full
balloons; they were not, however, carried out exhaustively, but only
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so far as appeared necessery in cgjrijunction with the study of the
experience %hained with the motor balioon and for several new designs;
neither are very systematie, as appears from the present account.
In particular the experiments so far performed relate onlfy to a type
of full balloon, and even for this case the magnitude of the errors
introduced along with the simplifications is not completely investi-
gated. A well-planned repetition and development of the experi-
ments would form & worthy task for one of the laboratories, already
existing or. coming into existence, for the study of aeronautics. The
chief purpose of the present publication is to stimulate such an
attempt.



